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ABSTRACT 
Nitrogen cycling processes can be tracked using quantitative Polymerase Chain Reaction 
(qPCR) to determine the presence  and qReverse Transcriptase-PCR (qRT-PCR) to determine 
expression of key genes, or ‘biological markers’, for nitrogen metabolism.  Nitrification is 
catalyzed in part, by two enzymes: ammonia monooxygenase (AMO; NH3→ NH2OH) and nitrite 
oxidoreductase (NXR; NO2
-
→ NO3
-).  For denitrification, four enzymes act sequentially: nitrate 
reductase (NAR/NAP; NO3
-
→ NO2
-), nitrite reductase (NIR; NO2
-
→ NO), nitric oxide reductase 
(NOR; NO → N2O), and nitrous oxide reductase (NOS; N2O → N2).  A principle of wastewater 
treatment (WWT) is to remove excess nitrogen by taking advantage of natural nitrogen cycling or 
biological nitrogen removal (BNR).  This process involves using microorganisms to bring influent 
ammonia through nitrification and denitrification to release nitrogen gas, which does not contribute 
to eutrophication.  A novel shortcut nitrogen removal configuration could increase nitrogen 
removal efficiency by promoting nitritation/denitritation, reducing the classic nitrogen cycle by 
removing the redundant oxidation/reduction step to nitrate (NO3
-).  Here, three nitrogen 
transformations were used to track the three main phases in the nitrogen cycle; ammonia 
monooxygenase for nitrification, nitrite oxidoreductase for shortcut, and nitrous oxide reductase 
for denitrification.  Primers for qPCR and qRT-PCR were designed to capture as much sequence 
diversity as possible for each step.  Genes from bacteria known to perform the nitrogen 
transformations of interest (amoA, nxrB, nosZ) were used to BLAST-query the Integrated 
Microbial Genomes & Microbiomes database (img.jgi.doe.gov) to find homologs from organisms 
commonly found in WWT.  These sequences were then aligned to find regions sufficiently 
vii 
conserved for primer design.  These PCR primers were tested against standards for each gene and 
used to track nitrogen transformation potential and expression in a novel lab-scale algal photo-
sequencing batch reactor which promotes shortcut nitrogen removal from wastewater across three 
solids retention times (SRT, or mean cell residence time); 5, 10 and 15 days.  SRT 15 had the 
greatest total nitrogen removal with nitritation and denitritation observed.  Nitrate was not detected 
in the first cycle and shortcut nitrogen removal was supported by low levels of nxrB genes and 
transcripts.  Simultaneous nitrification/denitrification was supported by elevated concentrations of 
nosZ during the light period and less nitrite produced than ammonium consumed.  Nitritation was 
predominantly performed by Betaproteobacteria amoA and nitrous oxide reduction was 
predominantly from nosZ group I (Proteobacteria-type). 
1 
CHAPTER 1 
INTRODUCTION 
Wastewater Treatment 
Treatment of wastewater to remove excess nutrients, including nitrogen and organic carbon, 
before being released into the environment is important for environmental conservation and 
necessary to maintain public health.  Nitrogen rich wastewater discharge can harm ecological 
communities through eutrophication at the point of discharge.  This process is frequently observed 
as blooms of phytoplankton which grow rapidly and can cause water hypoxia resulting in damage 
to aquatic ecosystems, such as the harmful dinoflagellate blooms called Red Tide in the Gulf of 
Mexico (Walsh et al., 2006).  Untreated wastewater may also contain high concentrations of toxic 
reactive nitrogen species (NO2
-/NO3
-) that pose a public health risk if not treated before being 
released to waterways that affect humans, plants, and animals (Erisman et al., 2013).  Wastewater 
treatment facilities use a series of engineered environments to facilitate nitrogen removal primarily 
by expediting steps of the biological nitrogen cycle. 
Nitrogen Transformation Pathways in Prokaryotes and Algae 
<Excerpted from Wang, et al., 2018> 
The steps in converting NH3 to N2 are described in Figure 1.1 and involve a series of 
oxidations, followed by reductions, which are catalyzed primarily by prokaryotes utilizing these 
compounds as respiratory electron donors (nitrification) and electron acceptors (denitrification).  
Nitrification involves multiple oxidation steps where ammonia is sequentially oxidized to 
hydroxylamine by ammonia monooxygenase (AMO), then nitrite by hydroxylamine 
2 
dehydrogenase (HAO).  Nitrite is then oxidized to nitrate by nitrite oxidoreductase (NXR).  
Denitrification then has multiple reduction steps where nitrate is fully reduced to dinitrogen gas.  
Nitrate is reduced to nitrite by nitrate reductase (NAR), which is reduced to nitric oxide by nitrite 
reductase (NIR).  Nitric oxide is then reduced to nitrous oxide by nitric oxide reductase (NOR), 
then to dinitrogen gas by nitrous oxide reductase (NOS), completing the full nitrogen cycle (W. 
G. Zumft, 1997).  The sequential steps of N oxidation and reduction are catalyzed by different 
organisms.  Oxidation of NH3 to NO3
- is primarily separated to two groups; AOM, which oxidize 
NH3 to NO2
-, and NOB, which oxidize NO2
- to NO3
- (Nunes-Alves, 2016).  Denitrification is 
carried about by a wide phylogenetic array of bacteria (see below) under anaerobic or 
microaerophilic conditions.  
This ‘classic’ view of the N cycle has been complicated by recent discoveries of alternatives 
to some of the steps in the cycle.  Recently, it was discovered that some organisms are capable of 
completely oxidizing NH3 to NO3
- (H. Daims et al., 2015).  NH3 can also be anaerobically oxidized 
by anammox (anaerobic ammonia oxidizing) bacteria, which produce N2 by combining NH3 with 
NO2
- if oxygen tensions are very low.  A small amount of NO3
- will also be produced in anammox 
systems (Sonthiphand, Hall, & Neufeld, 2014).  Dissimilatory NO3
- reduction to NH3 (DNRA), 
instead of through NO to N2O to form N2, is also a relevant process in wastewater treatment (Kraft, 
Strous, & Tegetmeyer, 2011). 
In addition to being used as respiratory electron donors or acceptors, N compounds can be 
assimilated into biomass.  NH3, NO2
- and NO3
- are readily assimilated by microorganisms from all 
three domains of life.  Both algae and prokaryotes can assimilate and reduce NO2
- and NO3
- to 
NH3, which is incorporated into amino acids, nucleotides, and other nitrogenous biomolecules.  In 
algae, NO3
- is transported into the cytoplasm, where cytoplasmic NO3
- reductase reduces it to NO2
-
3 
, which is then transported into the chloroplast, where it is further reduced to NH3, which is 
assimilated into biomass (reviewed in Sanz-Luque et al., 2015 (Sanz-Luque, Chamizo-Ampudia, 
Llamas, Galvan, & Fernandez, 2015). 
Chlorella vulgaris is capable of assimilating multiple forms of dissolved inorganic N.  If 
multiple forms are available, it will first assimilate NH3, then NO2
-, and then NO3
-, because NH3 
does not need to be reduced for amino acid synthesis (Barsanti & Gualtieri, 2014).  NH3 is 
moderately lipid soluble and therefore diffuses through the membrane, while NH4
+ is taken up by 
energy requiring transport mechanisms (Nokkaew & Triampo, 2013).  Although NH3 is readily 
assimilated, free NH3 is toxic to microalgae at high concentrations, with optimal growth between 
20 and 250 mg L-1of total ammonia N (TAN).  C. vulgaris is capable of growth at TAN 
concentrations from 10 to 1000 mg L-1 but grows poorly with less than 10 mg L-1 or greater than 
750 mg L-1 (Tam & Wong, 1996). 
Alternative algal N metabolisms are currently being uncovered.  A few eukaryotes, 
including representatives of fungi, foraminifers, and diatoms, are capable of growing under 
anaerobic conditions, and physiological measurements indicate that they can respire NO3
- (Kamp, 
Høgslund, Risgaard-Petersen, & Stief, 2015).  Some diatoms appear to respire NO3
- to NH3 (similar 
to DNRA), while some benthic foraminifers and fungi release N2O; foraminifers also release N2 
(Kamp et al., 2015).  Of particular concern when considering application of Chlorella in ‘green’ 
biotechnologies is the formation of N2O by C. vulgaris, as N2O is a potent greenhouse gas 
(Weathers, 1984).  This observation was initially disputed because of the possibility of bacterial 
contamination of cultures used in the study.  However, when the cultures were treated with 
antibiotics, and PCR-assayed to verify the absence of bacterial contamination, N2O formation was 
still detected (Guieysse, Plouviez, Coilhac, & Cazali, 2013).  Production of this gas was stimulated 
4 
under conditions that favor NO2 accumulation in C. vulgaris, including incubation in the dark 
(when the chloroplast-localized NO2 reductase, which is normally supplied with reductant 
generated via photosystems, cannot operate), and after NO2 addition to cells treated with 
photosynthesis inhibitors.  Consistent with a requirement for NO2, N2O production ceased when 
NO3
- reductase activity was inhibited.  Nitrate reductase can use NO2 as a substrate to form NO, 
and this possibility is consistent with these observations.  However, the mechanism of formation 
of N2O from NO cannot be elucidated from these observations (Guieysse et al., 2013).  Further 
research on the mechanism of N2O production is needed to optimize engineered algal-prokaryotic 
wastewater treatment systems to assure that N2O emissions are not a concern. 
<End of excerpt> 
Shortcut Nitrogen Removal Facilitated by Algae 
Nitrogen is removed from wastewater both through assimilation into biomass and through 
biological nitrogen removal (L. Y. Stein & Klotz, 2016).  BNR involves converting influent 
ammonia to inert dinitrogen gas through oxidation to, and reduction from, nitrate.  The aerobic 
phase of wastewater treatment involves mechanical addition of oxygen from the atmosphere by 
agitation or pumping to increase O2 concentrations to levels where nitrification (ammonium 
oxidation) can occur.  High O2 and NH4
+ concentrations promote nitrification by ammonia 
oxidizing bacteria (AOB) and archaea (AOA) (Park & Noguera, 2004).  AOB and AOA, or 
ammonia oxidizing microbiota (AOM), produce NO2
- which then promotes nitritation by nitrite 
oxidizing bacteria (NOB) that further consume O2 and oxidize NO2
- to NO3
- (Caffrey, Bano, 
Kalanetra, & Hollibaugh, 2007).  This brings NH3
+ through complete nitrification to feed 
denitrification.  Conventional wastewater BNR uses either internal or externally supplied organic 
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carbon (OC) to provide electron donors for denitrifying organisms to reduce NO3
- to N2 
(Wiesmann, 1994a, 1994b). 
Conventional wastewater treatment vigorously aerates in the oxic zone to push nitrification in 
an uninhibited fashion to nitrate.  This process typically consumes the majority of available organic 
carbon in the wastewater and requires an addition of electron donor for denitrification in the anoxic 
stage to produce the full canonical nitrogen cycle.  In this scheme, NO2
- has a redundant 
oxidation/reduction step to and from NO3
- that consumes both O2 and OC.  This has motivated the 
development of wastewater treatment strategies that remove the nitrite oxidation/nitrate reduction 
steps and directly shunt nitrite generated from ammonia oxidation to anaerobic denitrification.  
These strategies are collectively referred to as shortcut nitrogen removal (Chung, Bae, Lee, & 
Rittmann, 2007; Ciudad et al., 2005; Peng & Zhu, 2006; Yang et al., 2007).   
One shortcut nitrogen removal strategy developed by the Ergas group (M. Wang, Yang, Ergas, 
& van der Steen, 2015) incorporates microalgae with prokaryotes for wastewater treatment to 
increase the efficiency of N removal (Figure 1.2).  In this system, which is illuminated on a diel 
basis, algal photosynthesis generates low O2 concentrations during the light cycle, stimulating 
NH4
+ consumption by AOM, while not generating high enough O2 concentrations to support 
nitratation by NOB (Blackburne, Yuan, & Keller, 2008; Sliekers, Haaijer, Stafsnes, Kuenen, & 
Jetten, 2005).  The dark cycle is anoxic since photosynthesis ceases and heterotrophic organisms 
consume remaining O2 via respiration.  This anoxic period stimulates NO2
- reduction (instead of 
NO3
-) to N2, lessening the total amount of reduction that would take place.  This configuration 
reduces O2 and OC consumption from ammonia to dinitrogen gas by skipping nitrate, could 
potentially eliminate energy consumption for mechanical aeration due to algae O2 production (up 
to 25% total plant power use) (Chae & Kang, 2013), and reduce addition of OC by about 40% 
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(Turk & Mavinic, 1986).  Shortcut nitrogen removal using a Photo-Sequencing Batch Reactor 
(PSBR) could be implemented to pretreat anaerobic digester centrate before circulating to the main 
stream. 
In previous studies of this algal PSBR, nitrogen metabolism was monitored via water chemistry 
(e.g., ammonium, nitrite, and nitrate concentrations).  Although this method is adequate in most 
circumstances, there are two major shortcomings to using chemical assays to evaluate the absence 
of a metabolic pathway: the limit of detection, and the ability to recognize a transient intermediate.  
In these previous studies, nitrate was confirmed to be below the limit of detection.  However, it 
was still possible that nitrate was being consumed as rapidly as it was being produced.  This would 
defeat the efficiency gains from skipping nitrate by consuming oxygen and organic carbon to make 
that transformation. 
Using algae to provide low oxygen tensions for shortcut nitrogen removal is a recent concept 
in wastewater treatment configurations.  The effects of many parameters are still being explored, 
one of which is the effect of SRT on BNR performance.  This information would be invaluable for 
adapting this configuration to full-scale systems where removal efficiency and treatment volume 
are paramount.  
Molecular Methods Used to Analyze N Transformations 
<Excerpted from Wang et al., 2018> 
Molecular tools can be used to evaluate the activities of algal-prokaryotic consortia by 
targeting key steps of N metabolism.  The traditional method is analysis of 16S rRNA (Rowan et 
al., 2002; Srithep et al., 2014) such as fluorescence in situ hybridization (FISH), terminal 
restriction fragment length polymorphism (TRFLP) (Saikaly, Stroot, & Oerther, 2005), and 
denaturing gradient gel electrophoresis (DGGE) (Boon, Windt, Verstraete, & Top, 2001; 
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Juretschko et al., 1998; Nicolaisen & Ramsing, 2002). 16S rRNA analysis provides taxonomic 
information about microbial communities but does not provide clear indications about metabolic 
activities since biochemical capabilities do not match 16S phylogenies.  Therefore, a purely 
taxonomical approach targeting 16S or 18S ribosomal subunits would not give an accurate 
representation of the metabolic functions.  Instead, metabolic activities (e.g. N cycling activity) 
can be tracked using molecular techniques targeting an essential component (e.g., enzyme), for 
each pathway.  Genes encoding enzymes can be targeted to detect the functional potential in 
genomic DNA (PCR) or transcriptional activity via RNA presence (RT-PCR).  Quantitative PCR 
(qPCR) can be used to compare the relative number of gene copies encoding these steps in different 
samples.  Quantitative reverse transcriptase PCR (qRT-PCR) is then used to measure transcript 
abundance, which indicates that the target genes are likely being expressed. 
Functional genes encoding enzymes that are required to catalyze N transformations can be 
used to evaluate the potential presence and activity of the different steps in the N cycle.  For 
nitrification, ammonia monooxygenase is responsible for NH3 oxidation to NO2
-.  Ammonia 
monooxygenase (amoCAB) is expressed by AOM, which include proteobacteria, Nitrospira, as 
well as Thaumarchaeans (Calvó, Cortey, García-Marín, & Garcia-Gil, 2005; J. Gao, Luo, Wu, Li, 
& Peng, 2014; Kowalchuk, Stienstra, Heilig, Stephen, & Woldendorp, 2000; O'Mullan & Ward, 
2005; Purkhold et al., 2000; Rotthauwe, Witzel, & Liesack, 1997).  NH3 oxidizing proteobacteria 
(AOB) are comprised primarily of Beta- (Nitrosomonas and Nitrosospira) and Gamma-
proteobacteria (Nitrosococci) (Calvó et al., 2005); NH3 oxidizing archaea (AOA) include 
Nitrososphaera and Nitrosopumilus.  A single primer pair cannot be designed to amplify all amoA 
genes because of the level of gene sequence divergence among these distinct lineages; therefore, 
multiple primer pairs have been designed to target AOA and AOB amoA genes individually (J. 
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Gao et al., 2014).  Nitrite oxidoreductase can be used to identify the potential for NO2
- oxidation 
and is encoded by the nxrAXB operon (Starkenburg et al., 2006), formerly called nor operon 
(Kirstein & Boek, 1993).  The known NOB (Nitrobacter, Nitrococcus, Nitrospina and Nitrospira 
genera) are distributed among four phylogenetic groups (Alpha-, Gamma-, Deltaproteobacteria, 
and Nitrospira, respectively) (Bock, Koops, MOiler, & Rudert, 1990; Watson, Bock, Valois, 
Waterbury, & Schlosser, 1986).  To identify the genetic potential for, or transcript abundance 
related to, NO2
- oxidation, the nxrA gene is targeted (H. Wang, Ji, Bai, & He, 2015). 
Denitrification begins with NO3
- reduction via nitrate reductase.  A phylogenetically broad 
range of microorganisms are capable of using NO3
- as a terminal electron acceptor (Supplementary 
Table 1), and this diversity is reflected in a variety of forms of this enzyme.  There are three forms 
of nitrate reductase; two are dissimilatory: periplasmic (encoded by napEDABC), and membrane 
bound (encoded by narGHJI).  The last is assimilatory (encoded by nasABC) (W. G. Zumft, 1997).  
Genes encoding subunits of the dissimilatory nitrate reductases, napA and narG, are used for 
tracking this pathway (H. Wang et al., 2015).  Nitrite reductase catalyzes the reduction of NO2
- to 
NO and has two forms, copper-dependent type K and cytochrome cd1 type S.  The presence of 
either type of nitrite reductase is determined by targeting nirS and nirK genes (Braker, Fesefeldt, 
& Witzel, 1998).  Nitric oxide and nitrous oxide reductases complete denitrification, reducing NO 
to N2.  Nitrous oxide reductase is found in all classes of proteobacteria, as well as in a few Gram-
positive bacteria, and nosZ is frequently used as a functional biomarker for nitrous oxide reductase 
presence (Pauleta, Dell’Acqua, & Moura, 2013). 
DNRA is catalyzed by a very broad group of microorganisms including members of the 
Gamma-, Delta-, and Epsilonproteobacteria, as well as Bacteriodetes.  The genes encoding the 
initial reduction of NO3
- to NO2
- are not unique to this process.  However, the pentaheme 
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cytochrome c nitrite reductase encoded by nrfA, which is responsible for reducing NO2
- directly to 
NH3, is a good marker for DNRA, though it is important to note that the relatively few nrfA 
sequences available to use to design PCR primers compromises the ability to detect this gene in 
nature (Kraft et al., 2011). 
The anaerobic alternative to NH3 oxidation is the anammox pathway.  This pathway has been 
detected in the order Brocadiales of the phylum Planctomycetales (Harhangi et al., 2012).  Five 
genera are currently known to be capable of anammox: “Candidatus Brocadia,” “Candidatus 
Kuenenia,” “Candidatus Scalindua,” “Candidatus Anammoxoglobus,” and “Candidatus Jettenia” 
(Kartal et al., 2011; Kartal et al., 2007; Quan et al., 2008; Schmid et al., 2007).  The anammox 
process is catalyzed by hydrazine synthase (encoded by hzsCBA), which forms hydrazine from 
NH3 and NO2
-, and hydrazine oxidoreductase, which oxidize hydrazine to N2.  This pathway is 
best earmarked by hydrazine synthase (hzsA) because this gene is unique to anammox bacteria 
(Harhangi et al., 2012). 
For algae, the only N transformations for which genes have been characterized include 
assimilatory N metabolism (e.g., those encoding assimilatory nitrate reductase euk-NR, as well as 
nitrite reductase).  The amino acid sequence of eukaryotic nitrate reductase is divergent from 
prokaryotic, and it may be possible to design primers capable of distinguishing it from the 
prokaryotic versions of this enzyme (Stolz & Basu, 2002).  So far, the genes encoding eukaryotic 
dissimilatory nitrate reduction have only been identified in fungi (Kamp et al., 2015), and the 
molecular mechanism for N2O formation by C. vulgaris is unknown (Sanz-Luque et al., 2015). 
<End of excerpt>  
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Objectives of this Study 
The objectives of this study were to verify that shortcut nitrogen removal was taking place in 
the algal PSBR while evaluating the effects of SRT (5, 10 and 15 days) on BNR efficiency. 
Specifically, our objectives were to: 
1. Design and validate degenerate primers for qPCR and qRT-PCR assays to track the 
presence and activity of microorganisms catalyzing steps of the nitrogen cycle relevant to 
evaluating PSBR performance. 
2. Verify that ammonium oxidation is stimulated during the illuminated portion of the PSBR 
diel cycle by tracking this process with qPCR and qRT-PCR targeting amoA, the gene 
encoding a subunit of ammonium monooxygenase. 
3. Verify that minimal nitrite oxidation is occurring by tracking this process with qPCR and 
qRT-PCR targeting nxrB, the gene encoding a subunit of nitrite oxidoreductase. 
4. Verify that denitrification is stimulated during the dark portion of the PSBR diel cycle by 
tracking this process with qPCR and qRT-PCR targeting nosZ, the gene encoding a subunit 
of nitrous oxide oxidoreductase. 
We hypothesized the gene copy numbers (microbial communities) would remain relatively 
constant, while transcript abundances (RNA) for each targeted gene would fluctuate depending on 
the phase of the reactor.  Specifically, we predicted that amoA transcript levels would increase 
during the light cycle, while nosZ transcript levels would increase during the dark part of the cycle.  
Given the low nitrate concentrations previously measured in the PBSR, we also anticipated low 
transcript levels for nxrB throughout. 
 
11 
 
Figure 1.1 Canonical Nitrogen Metabolism.  Essential enzyme for each nitrogen 
transformation is listed in each step.  Enzymes required to assay to determine if shortcut N removal 
is achieved are darkened and the conserved subunit is listed.  
 
12 
 
Figure 1.2 Shortcut Nitrogen Removal.  Nitrification is shown on the left and 
denitrification on the right with relative oxygen or BOD consumption for each transformation 
shown as a percent.  
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CHAPTER 2 
DEGENERATE PCR PRIMERS FOR ASSAYS TO TRACK STEPS OF NITROGEN 
METABOLISM BY TAXONOMICALLY DIVERSE MICROORGANISMS IN A VARIETY 
OF ENVIRONMENTS 
Abstract 
The steps in the global nitrogen cycle are mostly catalyzed by microorganisms.  Accordingly, the 
activities of these microorganisms affect the health and productivity of ecosystems.  Their activities 
are also used in wastewater treatment systems to remove reactive nitrogen compounds and prevent 
eutrophication events triggered by nutrient discharges from wastewater.  Given their importance in 
natural and engineered systems, tracking the activities of these microorganisms can provide insights 
into the functioning of these systems.  The presence and abundance of genes encoding nitrogen-
metabolizing enzymes can be traced via polymerase chain reaction (PCR); however, this technique 
requires primers to be sensitive to a heterogenous gene pool yet specific enough to the target biomarker.  
The ever-expanding diversity of sequences available from databases includes many sequences relevant 
to nitrogen metabolism that match poorly with primers previously designed to track their presence 
and/or abundance.  This includes genes encoding ammonia monooxygenase (AMO) of ammonia 
oxidizing microorganisms, nitrite oxidoreductase (NXR) of nitrite oxidizing bacteria, and nitrous oxide 
reductase (NOS) of denitrifying bacteria.  Some primers are also not designed to generate the short 
(~200 nucleotides) amplicons required for real-time quantitative PCR (qPCR) and reverse-transcriptase 
qPCR (qRT-PCR).  In this study, genes were collected from the Integrated Microbial Genomes 
database (IMG), and aligned to design PCR primers that could capture more sequence diversity than is 
possible using existing primers.  Primers were designed to target three clades of AMO 
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(Betaproteobacteria, Chrenarchaeota, and complete ammonia oxidizing Nitrospira), periplasmic 
NXR and two clades of NOS (Proteobacteria and Bacteroidetes/Firmicutes).  These primers 
successfully amplified target sequences from two wastewater treatment plants and estuary sediment.  
Nucleotide sequences of the amplicons retrieved homologs when used to query GenBank by BLAST.  
While convincingly identified as target sequences for these primer pairs, these amplicons were 
divergent from each other, and quite divergent (as low as 73%) from those already present in GenBank, 
suggesting these primers are capable of capturing a diverse range of sequences when applied to 
environmental samples. 
Introduction 
The global nitrogen cycle, though mediated largely by microorganisms, is increasingly 
influenced by human activities.  Synthetic production of ammonia for agriculture and production of 
domestic/industrial wastewater are major contributors to nitrogen pollution, which can more than 
double the amount of biological nitrogen input into the environment and cause negative impacts, such 
as aquatic eutrophication and groundwater contamination (Canfield, Glazer, & Falkowski, 2010; Duce 
et al., 2008).  To understand the impacts of nitrogen pollution, and to monitor efforts to mitigate it via 
biological nitrogen removal (BNR) processes at wastewater treatment facilities, it is helpful to track 
the activities of the microorganisms catalyzing the steps in nitrogen transformation. 
The process of nitrification (NH4
+ → NO2
- → NO3
-) consists of two steps:  oxidation of ammonium 
to nitrite via ammonia monooxygenase (AMO, amoCAB) and hydroxylamine oxidoreductase (HAO, 
hao), and oxidation of nitrite to nitrate via nitrite oxidoreductase (NXR, nxrAB).  Canonical 
denitrification (NO3
- → NO2
- → NO- → N2O
- → N2) then reduces nitrate to dinitrogen gas through 
membrane-bound (NAR, narGH) and periplasmic (NAP, napA) dissimilatory nitrate reductase, 
assimilatory cytoplasmic (cNIR, nasB and nirB) and dissimilatory periplasmic cytochrome c nitrite 
reductase (ccNIR, nrfAH), multiple types of nitric oxide reductase (NOR), and nitrous oxide reductase 
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(NOS, nosZ) (Kuypers, Marchant, & Kartal, 2018).  Anaerobic ammonium oxidation can also facilitate 
conversion of ammonium to dinitrogen gas (Jetten et al., 1998).  Tracking the steps in the nitrogen 
cycle using molecular methods is complicated by the large number of steps in the cycle, as well as each 
step being catalyzed by multiple forms of each enzyme.  One strategy is to use a key step from each 
portion of the cycle.  For example, nitritation (NH4
+ → NO2
-) can be observed through AMO, 
nitratation (NO2
- → NO3
-) can be observed through NXR, and denitrification can be tracked through 
NOS (N2O → N2) (Figure 2.1, key steps are in bold). 
AMO is used by all known aerobic ammonia oxidizing microorganisms (AOM) to activate 
ammonia by oxidizing it to hydroxylamine (Hooper, Vannelli, Bergmann, & Arciero, 1997).  AOM 
are comprised of ammonia oxidizing Bacteria (AOB) largely belonging to the Betaproteobacteria and 
Gammaproteobacteria (D. J. Arp & Stein, 2003) Beyond the Proteobacteria, AMO is also present in 
members of Nitrospirae (COMAMMOX, NH4
+ → NO3
-) (H. Daims et al., 2015; van Kessel et al., 
2015), as well as Archaea (AOA) (Konneke et al., 2005).  AMO is encoded by two or three genes, 
amoCAB in Bacteria (Norton, Alzerreca, Suwa, & Klotz, 2002) and amoAB in Archaea (Konneke et 
al., 2005; Nicol & Schleper, 2006), with the catalytic site and most conserved region in subunit AmoA 
(Rotthauwe et al., 1997).  Sequence similarities suggest that AMO and membrane-bound particulate 
methane monooxygenase (pMMO) share a substrate promiscuous ancestor (Holmes, Costello, 
Lidstrom, & Murrell, 1995; Tavormina, Orphan, Kalyuzhnaya, Jetten, & Klotz, 2011).  AMO has been 
shown to inefficiently oxidize methane (D. J. Arp & Stein, 2003), and pMMO has been shown to 
inefficiently oxidize ammonia (Lisa Y. Stein, 2011). 
NXR is present in a variety of nitrite-oxidizing microorganisms, including facultative 
chemolithoautotrophic aerobic nitrite oxidizing Bacteria (NOB) in Alpha- Beta- and 
Gammaproteobacteria, Chloroflexi, Nitrospirae and Nitrospinae (Holger Daims, Lücker, & Wagner, 
2016), as well as some anoxygenic phototrophs (Griffin, Schott, & Schink, 2007; Schott, Griffin, & 
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Schink, 2010) and anaerobic AOB (M. Strous et al., 2006).  NXR has two forms: one is periplasmic, 
and one is cytoplasmic (Holger Daims et al., 2016).  Both types contain a gamma subunit (nxrC) 
integrated in the cytoplasmic membrane, with the alpha and beta subunits facing the periplasm in 
Nitrospira (Koch et al., 2015; Lücker et al., 2010; E. Spieck, Ehrich, Aamand, & Bock, 1998), 
Nitrospina (Lucker, Nowka, Rattei, Spieck, & Daims, 2013), and ‘Candidatus Nitromaritima’ (Ngugi, 
Blom, Stepanauskas, & Stingl, 2016); and facing the cytoplasm in Nitrobacter, Nitrococcus, and 
Nitrolancea (Sorokin et al., 2012; Eva Spieck, Aamand, Bartosch, & Bock, 1996; Starkenburg et al., 
2006).  NXR is typically encoded by the operon nxrABC (Lucker et al., 2013; Lücker et al., 2010), with 
the catalytic and substrate-binding site in nxrA and the most conserved regions in nxrB, allowing it to 
be used as a functional and phylogenetic biomarker (Pester et al., 2014; Poly, Wertz, Brothier, & 
Degrange, 2008; Vanparys et al., 2007).  Each type of NXR evolved independently and likely spread 
by lateral gene transfer to give rise to the current phylogenetic distribution (Lucker et al., 2013; Lücker 
et al., 2010; Sorokin et al., 2012).  Cytoplasmic NXR is phylogenetically affiliated with membrane-
bound nitrate reductases (NARs) and does not contribute to the proton motive force (Lucker et al., 
2013; Lücker et al., 2010).  
NOS, encoded by the genes nosZDFYL (Walter G Zumft & Kroneck, 2006), is distributed in a 
phylogenetically diverse range of organisms with significant (>90% of characterized sequences) 
representation in each class of Proteobacteria, as well as Actinobacteria, Bacteroidetes, and Firmicutes 
among others.  NosZ, which is the catalytic subunit of this enzyme, falls into two clades: clade I, 
comprised of Alpha-, Beta-, Gammaproteobacteria, and Euryarchaota; and clade II, comprised 
primarily of Bacteroidetes, Firmicutes, Crenarchaeota, Chloroflexii, Delta- and 
Epsilonproteobacteria (Hallin, Philippot, Loffler, Sanford, & Jones, 2018).  With a few occurrences 
of horizontal gene transfer, phylogenetic analysis indicates vertical transmission of nosZ (Graf, Jones, 
& Hallin, 2014; Jones, Stres, Rosenquist, & Hallin, 2008).  The two clades of nosZ genes vary in operon 
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organization, translocation pathway, and co-occurrence of other genes associated with denitrification 
or respiratory ammonification.  Genome data suggest that clade I nosZ genes facilitate denitrification 
because they include signal sequences for the Tat translocation pathway, which would place their 
protein products in the periplasm with the other enzymes necessary for denitrification (Berks, Sargent, 
& Palmer, 2000); these genes also typically co-occur with nitrite reductase genes nirK and nirS (Graf 
et al., 2014). 51% of Clade II nosZ genomes appear to be non-denitrifying N2O reducers (Graf et al., 
2014), with 27% of genomes also containing nrfA, a gene encoding formate-dependent nitrite reductase 
(associated with respiratory ammonification) (Sanford et al., 2012). 
Primers have been designed to track the presence of AMO, NXR, and NOS genes and transcripts 
via qPCR and qRT-PCR, respectively (Table 1).  These primer pairs have been used to detect genes in 
environmental samples, assess community composition, gather sequences for phylogenetic analysis, 
and determine gene abundance.  Some primer pairs, such as amoA-1F/2R and Arch-amoAF/R, have 
been used extensively with over 874 and 594 forward citations using the described primers, 
respectively.  
These primers have been quite helpful, but new primers need to be designed.  Given the substantial 
increase in the numbers of available amoA, nxrB, and nosZ sequences subsequent to the design of these 
primers, they should be revalidated to include the increased genetic diversity for these biomarkers.  For 
example, amoA-1F/2R primer sequences were based on the sequence of amoA genes from 
Nitrosomonas europaea with the inclusion of a few degenerate sites based on sequence variation 
among strains of this species (Rotthauwe et al., 1997) (Table 2.1).  nosZ-F/R primer sequences were 
based on the sequence of nosZ from Pseudemonas stutzeri (Table 1; Kloose et al (2001)).  While this 
primer pair successfully amplified nosZ from some forest and meadow soils (Rich, Heichen, 
Bottomley, Cromack, & Myrold, 2003; Rösch, Mergel, & Bothe, 2002), it missed nosZ genes in other 
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samples (Throback, Enwall, Jarvis, & Hallin, 2004), likely due to mismatches with target sequences 
present in these samples. 
The purpose of the work presented here was to use currently available gene sequences to redesign 
degenerate primer sets suitable for qPCR that would capture amoA, nxrB, and nosZ nitrogen 
metabolism genes from a phylogenetically diverse range of organisms.  The ability to accurately detect 
biomarker copies in an environmental sample will provide insight on nitrogen metabolism under 
natural, as well as human designed (wastewater treatment using BNR) or influenced (environmental 
eutrophication events) conditions. 
Methods 
Database mining and sequence collection 
The Integrated Microbial Genomes and Microbiomes (IMG) and National Center for 
Biotechnology Information (NCBI) databases were used for nucleotide sequence collection.  A 
phylogenetically broad array of amoA, nxrB, and nosZ sequences were gathered using the latest 
sequence data available. 
For ammonia monooxygenase, a representative gene was selected to query IMG for each type 
of amoA gene:  Nitrosomonas europaea (IMG Gene ID: 637427314) for Betaproteobacteria 
(McTavish, Fuchs, & Hooper, 1993), Nitrosopumilus maritimus (IMG Gene ID: 641317151) for 
Archaea (C. B. Walker et al., 2010), and Candidatus Nitrospira inopinata (IMG Gene ID: 2686679860) 
for Nitrospira.  The amino acid sequences predicted from these genes were used as the query sequences 
for BLASTP searches of the IMG database.  Hits with a maximum e-value of 0.01 and minimum 
identity of 30% were compiled.  Hits from the Gammaproteobacteria, incomplete genes, genes outside 
of an AMO operon (amoCAB for Bacteria (Norton et al., 2002), amoAB for Archaea (Konneke et al., 
2005; Nicol & Schleper, 2006; C. Walker et al., 2010) and genes from organisms associated with 
methane metabolism (Tavormina et al., 2011) were removed, and 189 remaining amino acid sequences 
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were aligned in MEGA (Kumar, Stecher, & Tamura, 2016) using MUSCLE with default parameters 
(Edgar, 2004) (Figure 2.2A-C; Supplemental Table 2.1).  
Nitrite oxidoreductase genes were collected using the same procedure described above, using 
the biochemically characterized Nitrospira moscoviensis nxrB (IMG Gene ID: 2641368767) (E. Spieck 
et al., 1998) as the query sequence.  Incomplete genes and those outside of a conventional NXR operon 
(nxrAB) (Pester et al., 2014), were removed with 491 sequences remaining.  This collection contained 
both forms of nitrite oxidoreductase, cytoplasmic ‘Nitrobacter-type’ and periplasmic ‘Nitrospira-type’ 
(Figure 2.2D) (Supplemental Table 2.1).  
nosZ gene sequences corresponding to proteins with known crystal structure, were gathered 
from the NCBI Structure Database: Shewanella denitrificans OS217 (Protein Data Bank ID: 5I5I_A), 
Pseudomonas stutzeri (PDB ID: 3SBQ), Achromobacter cycloclastes (PDB ID: 2IWK), Paracoccus 
denitrificans (PDB ID: 1FWX), and Marinobacter hydrocarbonoclasticus (PDB ID: 1QNI).  All these 
genes belong to COG4263 (nitrous oxide reductase).  All members of COG4263 present in IMG were 
gathered.  Sequences were vetted based on gene context (other nitrous oxide reductase subunits 
[nosRZDFYL] encoded nearby), and presence in phyla dominant in wastewater (Guo et al., 2015; Hu, 
Wang, Wen, & Xia, 2012; Lu, Chandran, & Stensel, 2014; Sanapareddy et al., 2009; Ye & Zhang, 
2013; Yu & Zhang, 2012; Zhang, Shao, & Ye, 2012) (Proteobacteria, Actinobacteria, Planctomycetes, 
Bacteroidetes, Chloroflexi, and Firmicutes).  The remaining 776 gene sequences were aligned (Figure 
2.2E and 2.2F) (Supplemental Table 2.1). 
Clustering genes to facilitate primer design 
Each group’s (amoA, nxrB and nosZ) gene sequences were too divergent to be captured by a 
single primer pair.  Clusters that had sufficient sequence identity to be targeted by primer pairs were 
separated by generating phylogenetic trees via maximum likelihood as implemented in MEGA (Kumar 
et al., 2016) with 1000 bootstrap replicates (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013).  For 
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ammonia monooxygenase, three distinct clades were identified that would need separate primer pairs: 
Betaproteobacteria, Nitrospira (COMAMMOX), and Archaea (Figure 2.3A).  The large alignment 
was split into three alignments, with sequences corresponding to these three clades (110, 5, and 74 
sequences respectively).  Sequences were realigned in MEGA (Kumar et al., 2016) using MUSCLE 
(Edgar, 2004) (default parameters as described above) and regions sufficiently conserved to be 
considered for primer design were scrutinized.  For COMAMMOX, the 5 sequences in the alignment 
were very similar to each other.  To identify regions likely to be conserved in a more diverse sampling 
of COMAMMOX sequences, the COMMAMOX alignment was combined with Betaproteobacteria 
sequences.  An alignment of their translated amino acids sequences identified regions conserved 
between COMAMMOX and Betaproteobacteria.  The corresponding conserved regions were used to 
design degenerate primers that are sensitive to Nitrospira, but selective against Betaproteobacteria 
amoA (Table 2.2). 
For nitrite oxidoreductase, most sequences fell into two clusters (498 cytoplasmic and 491 
periplasmic sequences, Figure 2.3B).  The clusters matched the two physiological forms of nitrite 
oxidoreductase, a periplasmic ‘Nitrospira-type’ and cytoplasmic ‘Nitrobacter-type’.  Nitrospirae are 
the most diverse (with six lineages) (H. Daims, Nielsen, Nielsen, Schleifer, & Wagner, 2001; E. 
Lebedeva et al., 2008; E. V. Lebedeva et al., 2011), environmentally ubiquitous, and dominant nitrite 
oxidizers in most wastewater treatment plants (H. Daims et al., 2001; Juretschko et al., 1998; E. V. 
Lebedeva et al., 2005; Watson et al., 1986).  It was possible to find regions within the alignment of 
these genes to design primers suitable to amplify them (Table 2.2), however Cytoplasmic nxrB 
sequences were too divergent to design primers that could capture these sequences without also 
amplifying genes encoding nitrate reductase. 
21 
nosZ sequences fell into two major clades (Figure 2.3C; Group I and II similar to clades I and 
II, respectively) as described by (Hallin et al., 2018).  The clades (479 sequences in Group I and 297 
sequences in Group II) were realigned and primers were designed for each (Table 2.2). 
Environmental sampling 
Environmental samples were collected from two wastewater treatment facilities which employ 
different BNR strategies and have diverse microbial communities (Figure 2.4): the Falkenburg 
Advanced Wastewater Treatment Plant (AWWTP, Tampa, FL) and the South Cross Bayou Water 
Reclamation Facility (SCB-WRF, St. Petersburg, FL).  Falkenburg AWWTP utilizes prefermentation 
to promote enhanced biological phosphorous removal followed by an oxidation ditch to promote 
simultaneous nitrification-denitrification.  SCB-WRF employs a Modified Lutzak Ettinger (MLE) 
process followed by a denitrification filter with methanol addition for total nitrogen removal.  Alum 
addition is used for additional phosphorous removal at both facilities.  Both facilities primarily treat 
domestic wastewater and consistently meet effluent standards of 5 mg/L 5-day biochemical oxygen 
demand (BOD5), 5 mg/L total suspended solids, 3 mg/L total nitrogen, and 1 mg/L total phosphorous.  
Samples were collected from various stages of both facilities as well as return-activated sludge.  1.5mL 
aliquots were pelleted with a microcentrifuge at its highest setting for 5 minutes and immediately flash-
frozen in liquid nitrogen on-site.  Samples were transported to the lab on dry ice. 
Additional samples to detect AOA were collected from Weedon Island Preserve (WIP) (St. 
Petersburg, FL) estuary sediment.  Samples of surface sediment (< 4 cm depth) were collected in 1.5 
microcentrifuge tubes, centrifuged and decanted on-site before being stored on dry ice to transport to 
the lab. 
DNA was extracted from the samples using QIAGEN DNeasy PowerSoil Kit (QIAGEN).  
Nucleic acids concentrations were quantified using a Nano-Drop 1000 (Thermo Fisher Scientific). 
qPCR standards 
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qPCR standard curves were constructed using PCR products amplified from plasmids carrying 
full genes of each targeted biomarker.  To construct a plasmid containing a full-length copy of amoA, 
N. europaea ATCC 19718 gDNA was extracted and amoA was amplified using primers targeting the 
whole gene (IMG Gene ID: 637427314).  Resulting amplicons were cloned into pCR2.1TOPO vector 
using the TOPO TA Cloning Kit (Invitrogen, Life Technologies), and sequence and orientation was 
verified by sequencing (Macrogen, Inc.).  The remaining genes were synthesized into the plasmid 
vector pUC57-Kan (Genscript, Inc.): N. maritimus (IMG Gene ID: 637427314) AOA amoA and C. N. 
inopinata (IMG Gene ID: 2686679860) Nitrospira-type amoA, C. N. inopinata IMG (IMG Gene 
ID:2686677593) periplasmic-type nxrB, Pseudomonas denitrificans ATCC 13867 (IMG Gene ID: 
2540741900) Proteobacteria-type nosZ and Geobacillus thermodenitrificans NG80-2 (IMG Gene ID: 
640192579) Firmicute/Bacteroidetes-type nosZ.  
To amplify DNA for standard curves, plasmids were purified (QIAprep Spin Miniprep Kit) and 
targets were amplified using the primers developed here.  Amplicon sizes were verified via gel 
electrophoresis.  Amplicons were purified, quantified, and the copy number was calculated. 
Copy number = ng DNA ×
mol DNA
ng DNA
 × 6.02 × 1023
copies
mol DNA
 
Serial dilutions were prepared for each standard, ranging from 101 to 1010 copies per µl, to 
determine the range for target quantification.  Serial dilutions were used as templates for qPCR 
reactions (described below), and the Ct values from these reactions were examined to determine the 
effective range of each assay.  The low end of the range was the concentration of the standard that 
provided Ct values statistically different from the no template control (approximate t-test for 
independent samples with unequal variance, α < 0.05).  Serial dilutions at the high end of the range 
saturated the PCR reaction.  Five serial dilutions of each standard were selected, which were 
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statistically distinguishable from the no template control, without saturating the qPCR reaction.  These 
five dilutions were run in triplicate with samples on each 48-well plate. 
qPCR 
qPCR was carried out using StepOne software with an Applied Biosystems OneStep Real-time 
light cycler and a QIAGEN QuantiTect SYBR Green PCR kit, modified to a 20µl reaction volume 
(primers are detailed in Table 2 and reaction conditions in Table 2.3).  Pilot qPCR reactions were run 
to identify the best data acquisition temperature to use to distinguish amplicons from primer dimers.  
In addition to the standards described above, each 48-well plate included a negative control without 
template DNA, which was run in triplicate.  The ΔRn threshold value was set automatically at ten times 
the standard deviation of the baseline ΔRn by StepOne Software V2.0.  Melting curves were analyzed 
for each reaction to verify proper target amplification.  Target was deemed ‘not detected’ in samples 
when the Ct values did not differ significantly from no template controls (approximate t-test as above). 
Environmental amplicon sequences and phylogeny 
Betaproteobacteria and COMAMMOX amoA sequences were amplified from Falkenburg 
AWWTP RAS, AOA amoA sequences from Weedon Island sediment, periplasmic-type nxrB and nosZ 
group I and II were collected from SCB RAS.  Amplicons were produced using standard qPCR 
methods described above but omitting the melting curve.  Amplicons were purified using QIAquick 
PCR Purification Kit (QIAGEN).  Amplicon length was verified via gel electrophoresis, and amplicons 
were cloned into pCR 2.1 TOPO vector for sequencing (Macrogen, Inc.).  The forward and reverse 
read for each sequence was scrutinized for consensus and plasmid portions were trimmed.  Sequences 
were used to query GenBank via BLASTN to identify top hits and verify amplicon specificity.  
To place amplicons phylogenetically, amplicon sequences were added to the alignments used 
to generate the primers.  Alignments were trimmed to the portion of the genes amplified by the primers, 
translated into amino acid sequences, and aligned based on amino acid sequences through MUSCLE 
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(Edgar, 2004) with an increased gap penalty (from -400 to -4000).  The remaining alignment was 
returned to nucleic acid sequence and subjected to Maximum Likelihood Analysis with 500 bootstraps 
to produce phylogenetic trees. 
Results 
Primer matches to aligned sequences  
In silico, the newly developed primers had fewer mismatches with the targeted sequences than 
previous primers (Figure 5).  Numbers of matches were particularly elevated compared to the 
previously designed primers for primer pairs Beta amoA RK, AOA amoA RK, nosZ-I RK and nosZ-
II RK.  In order to match more of the sequences in the alignment, it was necessary to introduce 
degeneracies into the primer sequences.  The level of degeneracy of these new primers was greater 
than in the primers previously used to track nitrogen metabolism (Table 2.4). 
Limit of quantification of target sequences with new primers 
Limits of quantification appeared to be related to primer degeneracy, with lower limits of 
quantification (75-135 copies) associated with less primer degeneracy (Table 2.4).  PCR reactions with 
more redundant primer pairs had higher values for their lower limits of detection (~104 - 106 copies; 
Table 2.4).  These lower limits of quantification were consistent for all of the qPCR runs conducted in 
the course of this study.  Serial dilutions of standards were included on each qPCR plate, and the lower 
limit of detection for each target was always the same. 
Primer performance in engineered or environmental system 
qPCR amplicons for each of newly developed primers besides AOA amoA RK were produced 
from samples at various locations within the WWT track at two facilities, Falkenburg AWWTP and 
SCB-WRF.  Copy numbers were normalized to copies/ng-DNA in each reaction.  WWTP samples 
returned copy values ranging from 1.2 x 102 – 3.6 x 105 copies/ng-DNA.  AOA amoA RK primers did 
not produce amplicons at either wastewater treatment facility.  However, they did produce amplicons 
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from samples collected from the Weedon Island Preserve, detecting 182 copies of amoA from Archaea 
per ng DNA (Figure 2.6).  All samples produced Ct values within the quantifiable range (Supplemental 
Table 2.2). 
When the amplicons from these samples were sequenced (Supplemental Table 2.3) their top 
100 returns from NCBI BLASTN were consistent with their targeted biomarker (Supplemental Table 
4), supporting primer specificity.  Sequence matches gathered from NCBI had varying degrees of 
sequence identity to amplicons, with some matches having less than 80% identity (Figure 2.7).  
Therefore, the newly developed primers captured a diversity of sequences beyond what is present in 
the database.  
As anticipated, given their divergence in sequences relative to those available in databases (Figure 
7), the positions of these sequences are distinct in their phylogenetic trees (Figure 2.8 and 2.9).  Beta 
amoA RK amplicons clustered primarily between Nitrosomonas and Nitrospira.  AOA amoA RK 
primers produced amplicons which clustered within the Thaumarchaeota.  Amplicons produced by 
nosZ-I RK primers were distributed throughout the tree constructed from nosZ genes from cluster A, 
while those produced by nosZ-II RK primers clustered within Bacteroidetes. 
Discussion 
Compared with primers designed prior to this study, the new primers match more of the available 
sequences for amoA, nxrB and nosZ (Figure 2.5).  Successful amplification from environmental 
samples (Figure 2.6) validate the ability to potentially detect the presence of these functional genes in 
diverse habitats and applications.  The amplicons that were recovered using the new primers differ 
from those already present in GenBank, suggesting that the new primers are capable of amplifying a 
diversity of target sequences.   
Higher copy numbers for amoA from COMAMMOX organisms were detected than 
Betaproteobacteria (using primer pairs COMA amoA RK and Beta amoA RK, respectively) in all 
26 
wastewater treatment samples in both facilities (Figure 2.6).  These results are consistent with other 
studies, showing varying proportions of COMAMMOX versus Betaproteobacteria amoA copy 
numbers in different environments; the relative abundances of these organisms appears to be influenced 
by differences in oxygen and ammonia concentrations (Palomo et al., 2016; Pjevac et al., 2017; Tatari 
et al., 2017; Y. Wang et al., 2017). 
There is a disconnect between the quantification of amoA genes from members of Nitrospirae 
(amplified by COMA amoA RK primers; COMAMMOX organisms) and the quantification of nxrB 
genes (amplified by Peri nxrB RK primers, which should include COMAMMOX organisms).  In some 
cases, copy numbers of Nitrospirae amoA genes were higher than copy numbers of nxrB (Figure 2.6).  
COMAMMOX organisms contain both genes, with some Nitrospirae containing multiple copies of 
nxrB (van Kessel et al., 2015).  Therefore, COMAMMOX amoA and nxrB gene copy numbers should 
be similar.  It is possible that the Peri nxrB RK primers are less effective at capturing the diversity of 
nxrB sequences.  Alternatively, the elevated copy numbers amplified by the COMA amoA RK primers 
may indicate that some of the organisms, Nitrospirae or otherwise, whose amoA genes were amplified 
by these primers might be ‘ammonium specialists’, unable to oxidize nitrite.  It is unlikely that the 
higher amplicon numbers resulted from amplification of amoA genes from Betaproteobacteria, as these 
primers do not match any of the amoA genes from this class of microorganisms.  Furthermore, none of 
the sequenced amplicons resulting from using this primer pair aligned well with amoA genes from 
Betaproteobacteria.  Sequence heterogeneity in both the periplasmic and cytoplasmic nxrB sequence 
alignment suggests that a different method should be applied to determine conserved regions to target 
the nxrB biomarker with PCR primers. 
Use of nosZ-I RK and nosZ-II RK primers detected nosZ in these samples as expected, but with a 
greater amount of sequence diversity to the current genomic databases than the other primer pairs 
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(Figure 2.7 and 2.8).  This may be due to the level of genetic heterogeneity being greater for nosZ 
because it encompasses a much wider phylogeny of organisms. 
This study shows the importance of designing primers based on the most recent sequence 
information available, since sequence databases continue to expand rapidly.  The approach taken here 
could also be applied to other steps in the nitrogen cycle, as well as other biochemical reactions of 
environmental importance. 
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Figures 
 
Figure 2.1 Nitrogen Cycle.  Steps in nitrification are orange, denitrification steps are blue, and nitrogen fixation is grey.  Steps are 
labeled with enzyme names and abbreviations.  Steps for which primers were designed in this study are shown in bold.  Anaerobic ammonium 
oxidation and dissimilatory nitrate reduction to ammonia are omitted as they were not the focus of this study.  
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Figure 2.2 Phylogenetic Composition of Sequence Alignments used for Primer Design.  Each sunburst represents the distribution 
of sequences in each alignment.  Concentric circles are taxonomic levels, with lower levels toward the outside of each sunburst.  (A) 
Betaproteobacteria amoA: Order – Genus.  (B) COMAMMOX amoA: Phylum – Order – Genus.  (C) Ammonia oxidizing Archaea amoA: 
Phylum – Order – Genus.  (D) Nitrospira/periplasmic-type nxrB: Class – Genus.  (E) Group I Proteobacteria-type nosZ: Class – Family.  (F) 
Group II Bacteroidetes- and Firmicute-type nosZ: Class – Genus.  See Supplemental Table 2 for a full list of organisms and phylogenies. 
II I 
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Figure 2.3 Clusters of amoA (A), nxrB (B), and nosZ (C) Sequences Drawn from Integrated Microbial Genomes Database.  
Sequences were aligned, and trees were constructed via maximum likelihood analysis to sort them into large clusters for which primers could 
be designed.  Bootstrap values from 1000 resamplings of the alignment are shown next to the clades.  The taxonomic affiliations of the 
organisms in the large clades are provided.  
I 
II 
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Figure 2.4 Schematics of Wastewater Treatment Plant Tracks.  Sample locations labeled with .  
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Figure 2.5 Primer Mismatches Against Sequence Alignment for Respective Biomarkers from IMG.  (A) Betaproteobacteria amoA 
(n= 120), Ammonia oxidizing Archaea amoA (n= 74), and COMAMMOX amoA (n=4); (B) Nitrospira/periplasmic-type nxrB (n=498); (C) 
Group 1 Proteobacteria-type nosZ (n=479) and Group II Bacteroidetes- and Firmicute-type nosZ (n=297).  
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Figure 2.6 Biomarker Detection and Quantification in Environmental Samples.  Falk - Falkenburg AWWTP, SCB - South Cross 
Bayou WRF.  amoA from Archaea was not detected in either WWTP and AOA amoA RK was the only primer pair utilized on Weedon Island 
Preserve samples. 
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Figure 2.7 Comparison of Environmental Amplicon Sequence Identity to Top Environmental and Cultured Hits from GenBank.  
For all biomarkers, n=10 environmental amplicon sequences.  Box and whisker plots show data points with dots, first and third quartiles with 
boxes, and means as ‘X’.  
I
I I 
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Figure 2.8 Phylogenetic Analysis of amoA Amplicon Sequences.  Phylogenetic trees were generated via maximum likelihood 
analysis using the amplicon sequences with the original sequence alignment used to design their primer.  Environmental sequences are 
designated with ● and their clone ID.  Bootstrap values over 50% are shown from 500 resamplings.  Taxon names are preceded by IMG Gene 
ID numbers.  Alignments had 196, 193, and 174 nucleotide positions in (A) Betaproteobacteria amoA, (B) COMAMMOX amoA, and (C) 
Archaea amoA respectively.  For COMAMMOX, the top hit from GenBank for each amplicon was added to show diversity of sequences.  The 
scale bar represents the number of substitutions per site.  
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Figure 2.9 Phylogenetic Analysis of nxrB and nosZ Amplicon Sequences.  Phylogenetic trees were generated via maximum 
likelihood analysis using the amplicon sequences with the original sequence alignment used to design their primer. Environmental sequences 
are designated with ● and their clone ID.  Bootstrap values over 50% are shown from 500 resamplings.  Taxon names are preceded by IMG 
Gene ID numbers.  Alignments had 230, 111, and 159 nucleotide positions in (A) Periplasmic nxrB, (B) Group I nosZ, and (C) Group II nosZ 
respectively.  The scale bar represents the number of substitutions per site. 
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Tables 
Table 2.1 Primers Previously Used to Study Nitrogen Metabolism. 
Primer 
Designation 
Sequence (5’ → 3’)1 
Length 
(nt) 
Applications 
amoA-1F GGGGTTTCTACTGGTGGT 
491 
Rice roots, activated sludge, freshwater lakes (Rotthauwe et al., 1997) 
Coral Reef (Ling et al., 2018) 
Surface and deep soil from freshwater lake and water table (Zheng et al., 2017) 
Freshwater Aquaculture (Khangembam, Sharma, & Chakrabarti, 2017) 
Acid mine drainage sediments (Ramanathan, Boddicker, Roane, & Mosier, 2017) 
amoA-2R CCCCTCKGSAAAGCCTTCTTC 
Arch-amoAF STAATGGTCTGGCTTAGACG 
635 
Marine water-column and marine sediment (Francis, Roberts, Beman, Santoro, & 
Oakley, 2005) 
Surface and deep soil from freshwater lake and water table (Zheng et al., 2017)  
Freshwater Aquaculture (Khangembam et al., 2017) 
Domestic Wastewater Treatment (Chen, Ouyang, Huang, & Peng, 2018) 
Acid mine drainage sediments (Ramanathan et al., 2017) 
Arch-amoAR GCGGCCATCCATCTGTATGT 
comaA-244F 
Clade A: TAYAAYTGGGTSAAYTA 
Clade B: TAYTTCTGGACRTTYTA 
415 
Forest soil, rice paddy soils and rice rhizosphere, a freshwater biofilm and brackish 
lake sediment, as well as WWTPs, Drinking water treatment plants and 
groundwater wells (Pjevac et al., 2017) comaA-659R 
Clade A: ARATCATSGTGCTRTG 
Clade B: ARATCCARACDGTGTG 
nxrB169f TACATGTGGTGGAACA 
485 
Multiple soil types (Pester et al., 2014) 
Domestic Wastewater Treatment (Chen et al., 2018) 
Acid mine drainage sediments (Ramanathan et al., 2017) 
nxrB638r CGGTTCTGGTCRATCA 
NxrB-1F ACGTGGAGACCAAGCCGGG 
380 
Cultured isolates of Nitrobacter spp. from various environments (Vanparys et al., 
2007) 
Acid mine drainage sediments (Ramanathan et al., 2017) 
NxrB-1R CCGTGCTGTTGAYCTCGTTGA 
nosZ-F CGYTGTTCMTCGACAGCCAG 
598 
Cultured isolates of Azospirillum and other plant growth-promoting rhizobacteria 
(Kloos, Mergel, Rösch, & Bothe, 2001) 
Acidic forest soil (Jaejoon Jung, Yeom, Han, Kim, & Park, 2012) 
BNR reactor (Yin, Xu, Shen, Wang, & Lin, 2015) 
nosZ-R CATGTGCAGNGCRTGGCAGAA 
nosZqPCRF1 TCGARCAGGAYTGGRACATYCT 162 
Various soil samples (J. Jung, Choi, Jung, Scow, & Park, 2013) 
Domestic Wastewater Treatment (Guimarães, Mezzari, Daudt, & da Costa, 2017) 
Soil with various treatments (Grave et al., 2018) 
nosZqPCRF2 ACAGGAYTATGATGTRCCGCACGGA 158 
nosZqPCRF3 TGACYGCCATYCGTTCWCACYTT 246 
nosZGeoR CTTGRTGCARCGCVGAACAGA  
1International Union for Bacteriology codes for bases: Y, C or T; R, A or G; M, A or C; K, G or T; S, G or C; W, A or T; H, A, C, or T; 
D, A, G, or T; and N, A, C, G, or T.  
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Table 2.2 Primers Developed in this Study. 
Biomarker Primer Sequence (5’ → 3’)1 
Sequence 
sites2 
Reference 
organism2 
Length 
(nt)2 
Betaproteobacteria 
amoA 
Beta amoA F RK GACTGGGAYTTCTGGMTKGAYTGGAA 154-179 Nitrosomonas 
europaea 
(IMG Gene ID: 
637427314) 
199 
Beta amoA R RK TGYGACCACCAGTARAAWCCCCAG 330-353 
Ammonia Oxidizing 
Archaea amoA 
AOA amoA F RK GCMTTCAARTATCCRAGRCCRACRYTGCCW 427-502 Nitrosopumilus 
maritimus 
(IMG Gene ID: 
641317151) 
231 
AOA amoA R RK TACMGATGGATGGCCGCNTGGWSMAAG 631-658 
COMAMMOX 
amoA 
COMA amoA F RK GGRACYTTYCAYATGCACACVGC 115-137 Nitrospira inopinata 
(IMG Gene ID: 
2686679860) 
225 
COMA amoA R RK ACCACCAMGAVGTRTARACSGCAA 317-340 
Periplasmic nxrB 
Peri nxrB F RK GTGGAACAAYGTGGARACSAAGCC 181-200 Nitrospira inopinata 
(IMG Gene ID: 
2686677593) 
230 
Peri nxrB R RK SACRAASCGCCAYTCYTGGTC 391-411 
Group I 
nosZ Proteobacteria 
type 
nosZ-I F RK GAVGAYSTSACSCAYGGYTT 1729-1748 Pseudomonas 
denitrificans 
(IMG Gene ID: 
2540741900) 
142 
nosZ-I R RK TGSADBGCVKRRCAGAA 1855-1871 
Group II 
nosZ Bacteroidetes 
and Firmicute type 
nosZ-II F RK CGTTGCAYACNSARTTYGA 1124-1142 Geobacillus 
thermodenitrificans 
(IMG Gene ID: 
640192579) 
207 
nosZ-II R RK CKRTYCTTNGYNAKYTTRTT 1312-1331 
1International Union for Bacteriology codes for bases: Y, C or T; R, A or G; M, A or C; K, G or T; S, G or C; W, A or T; H, A, 
C, or T; D, A, G, or T; and N, A, C, G, or T. 
2 Sequence sites and amplicon length are with respect to the genes from the reference organisms, collected from the Integrated 
Microbial Genomes database.  
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Table 2.3 qPCR Reaction Conditions. 
1Florescence data acquisition step was performed concurrently with extension step for primer pairs AOA amoA RK, COMA amoA RK, 
Peri nxrB RK, and nosZ-II RK. 
  
Primer Pair 
Primer 
Concentration 
PCR Initial 
Activation 
Step (°C) 
(15 min) 
Denaturation (°C) 
(15 sec) 
Annealing 
Temperature (°C) 
(30 sec) 
Extension (°C) 
(30 sec) 
Florescence Data 
Acquisition (°C)1 
(10 sec) Melt Curve Analysis 
45 Cycles 
Beta amoA RK 0.3µM 
95 94 
55 
72 
76 
95°C for 15 secs 
60°C for 60 secs 
florescence data 
acquisition at 0.3°C 
increments at ‘fast’ 
ramp speed to 95°C 
AOA amoA RK 0.3µM 60 721 
COMA amoA RK 0.3µM 55 721 
Peri nxrB RK 0.3µM 55 721 
nosZ-I RK 3.0µM 50 80 
nosZ-II RK 3.0µM 45 721 
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Table 2.4 Primer Degeneracy and Threshold of Detection for qPCR Assays. 
Primer Degeneracy1 
Limit of 
Quantification 
Primer Degeneracy1 
Beta amoA F RK 16 
86 copies 
amoA-1F 1 
Beta amoA R RK 8 amoA-2R 2 
AOA amoA F RK 256 
95 copies 
Arch-amoAF 2 
AOA amoA R RK 32 Arch-amoAR 1 
COMA amoA F RK 48 
75 copies 
comaA-244F 
Clade A: 16 
Clade B: 8 
COMA amoA R RK 48 comaA-659R 
Clade A: 8 
Clade B: 12 
Peri nxrB F RK 8 
135 copies 
nxrB169f 1 
Peri nxrB R RK 32 nxrB638r 2 
   NxrB-1F 1 
   NxrB-1R 2 
nosZ-I F RK 192 
1.4 x 103 copies 
nosZ-F 4 
nosZ-I R RK 432 nosZ-R 8 
nosZ-II F RK 64 
1.4 x 103 copies 
nosZqPCRF1 16 
nosZ-II R RK 2048 nosZqPCRF2 4 
   nosZqPCRF3 16 
   nosZGeoR 12 
1Represents number of individual primer sequences in a primer population.  Degeneracy calculated by multiplying the level of 
degeneracy at each individual site across a primer. 
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CHAPTER 3 
SHORTCUT NITROGEN REMOVAL IN A PHOTO-SEQUENCING BATCH 
REACTOR WITH VARIABLE SOLIDS RETENTION TIME 
Introduction 
Shortcut nitrogen removal is a mode of BNR in which the oxidation/reduction steps to and 
from nitrate are bypassed.  Shortcut nitrogen removal is being evaluated as a means to reduce the 
overall costs of wastewater treatment by diminished requirements for aeration and organic carbon 
(M. Wang et al., 2015).  This shortcut pathway could be applied to side stream treatment to increase 
overall efficiency of a wastewater treatment plant by reducing the total nitrogen recirculated to the 
head of the plant, ultimately reducing the overall cost of operation and improving system stability.   
Bypassing nitrate as an intermediate is achieved with low dissolved oxygen concentrations, 
high ammonia concentrations and/or short SRT which promote AOB and inhibit NOB.  Shortcut 
nitrogen removal using algae to produce low oxygen tensions is a relatively new approach with 
active research analyzing its operational parameters and efficacy to scale up to real-world 
applications (H. Gao, Scherson, & Wells, 2014).   
To verify whether the shortcut process is occurring, nitrogenous intermediates can be detected 
and quantified; if the process is successful, nitrate concentrations should be very low.  However, 
low nitrate concentrations could also suggest that nitritation/denitritation are indeed occurring, but 
are very tightly coupled, keeping the concentration of this intermediate low. 
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Molecular markers for nitritation, nitratation, and denitrification can be used to 
complement the measurements of nitrogenous compounds and verify successful shortcut nitrogen 
removal.  qPCR analysis can be used quantify the number of gene copies and qRT-PCR can be 
used to quantify the number of transcripts for a gene present in a sample.  Using these two PCR 
techniques, abundance of nitrogen metabolism genes and transcripts can be used to infer both the 
microbial community present and the metabolic processes taking place in a system.  Nitrification 
in wastewater is catalyzed by ammonia oxidizing Bacteria (AOB) and ammonia oxidizing 
Archaea (AOA) which perform nitritation (NH3
+ → NO2
-) using ammonia monooxygenase (amo) 
and nitrite oxidizing Bacteria (NOB) which perform nitratation (NO2
- → NO3
-) using nitrite 
oxidoreductase (nxr), as well as COMAMMOX Nitrospira which contain both amo and nxr.  
Denitrification is conducted primarily by denitrifiers, which reduce nitrate to dinitrogen gas (NO3
- 
→ NO2
- 
→ NO → N2O → N2) (L. Y. Stein & Klotz, 2016).  The final step in denitrification, 
reduction of nitrous oxide to dinitrogen gas (N2O → N2), can be tracked using the nitrous oxide 
reductase gene (nos).   
In order to compliment chemical data, qPCR and qRT-PCR were used to track the 
abundance of genes and transcripts for amoA, nxrB and nosZ to make inferences on the microbial 
community and metabolic activities across three PSBRs with different SRTs or mean cell residence 
times.  SRT should be a highly influencing variable on reactor performance due to the 
microorganisms ability to establish a community within the reactor, where autotrophic nitrifiers 
have a generally slow growth rate.  amo was used to track for AOB, AOA and COMAMMOX 
ammonia monooxygenase; nxr for cytoplasmic Nitrobacter-type and periplasmic Nitrospira-type 
nitrite oxidoreductase, and nosZ for denitrifiers nitrous oxide reductase.  For each of these genes, 
a highly conserved region in a highly conserved subunit (amoA, nxrB, and nosZ) was targeted to 
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quantify the genetic potential and transcript abundance, for nitritation, nitratation, and 
denitrification. 
Though relatively conserved, amoA, nxrB, and nosZ gene sequences do vary among the 
taxonomically broad range of microorganisms that carry them; a single PCR primer pair would 
not successfully amplify each of these genes.  Instead, a degenerate primer pair was used to capture 
each of the major groups as divided by their sequence similarity.  Three primer pairs were used to 
capture amoA (Beta amoA RK, AOA amoA RK and COMA amoA RK), two for nxrB (NxrB 
1F/1R and Peri nxrB RK) and two for nosZ (nosZ-I RK and nosZ-II RK).  
We hypothesized that gene copy numbers should stay relatively constant throughout the 
cycle.  We also hypothesized that transcripts for amoA would be constitutively expressed but have 
elevated transcription during the oxic light period, nxrB would be present but at lower levels over 
the entire cycle, and nosZ would have lower levels during the oxic period and be elevated during 
the first half of the dark phase.  We also expect gene and transcript abundances to increase with 
SRT because TSS and general biomass concentrations increase. 
Methods 
Molecular analysis 
Samples were collected from each PSBR (SRT 5, 10 and 15 days) over two 24 hr cycles at 
six timepoints; three timepoints were during the illuminated portion of the cycle (0, 1, and 6 hrs), 
and three were during the dark portion of the cycle (12, 13, and 18 hrs).  At each time point, 1.5 
ml aliquots were collected from each PSBR.  Samples were centrifuged, decanted, and flash frozen 
using liquid nitrogen.  Samples were stored at -80°C until processed. 
Nucleic acid extractions were performed by combining frozen pellets from two 1.5 ml 
PSBR aliquots for each time-point.  Samples were processed with MO BIO DNeasy PowerSoil® 
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Kit for DNA and MO BIO PowerSoil® Total RNA Isolation kit for RNA following the 
manufacturer’s protocol.  Extracted DNA and RNA were quantified using a ThermoScientific 
NanoDrop® ND-1000. 
qPCR and qRT-PCR standards were made using amplicons or transcripts, respectively.  
Betaproteobacteria amoA was amplified from Nitosomonas europaea ATCC 19718 gDNA and all 
other biomarkers (COMAMMOX amoA, cytoplasmic nxrB, periplasmic nxrB, Proteobacteria 
nosZ and Bacteroidetes nosZ; Table 3.1) were synthesized into pUC57-kan (Genescript, Inc.).  
Each biomarker was amplified using sequence specific primers (Table 3.1) before being cloned 
into pCR 2.1 TOPO using the TOPO® TA Cloning® Kit (Invitrogen, Life Technologies) and 
examined for fidelity and orientation through sequencing (Macrogen Inc.). 
Linear PCR amplicons of each biomarker were used as DNA standards for qPCR.  Primers 
for generating these amplicons are listed in Table 1.  PCR MasterMix (ThermoScientific) was used 
for the PCR reactions (95°C for 5 min followed by 95°C for 30s (melting), annealing temp for 30s, 
and 72°C (polymerization) for 30s, 30 cycles).  Amplicons were purified (QIAquick® PCR 
Purification Kit, QIAGEN) and stored at -20°C. 
qRT-PCR transcripts were produced from pCR 2.1 TOPO using the T7 MEGAscript kit 
(Invitrogen), purified via phenol: chloroform extraction followed by an isopropanol precipitation 
and dissolved in PCR-grade water.  RNA standards were stored at -80°C.  
Copy numbers for standards were calculated as (NA is nucleic acid as either DNA or 
RNA): 
𝐶𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 = 𝑛𝑔 𝑁𝐴 ×
𝑚𝑜𝑙 𝑁𝐴
𝑛𝑔 𝑁𝐴
 × 6.02 × 1023
𝑐𝑜𝑝𝑖𝑒𝑠
𝑚𝑜𝑙 𝑁𝐴
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Gene or transcript copy numbers in samples were quantified using Thermo Scientific 
Applied Biosystems OneStep® Real-Time Light Cycler with StepOne software and 
QuantiTect®SYBR®Green PCR (QIAGEN) and QuantiTect®SYBR®Green RT-PCR 
(QIAGEN), modified to 20µl reaction volumes, for DNA and RNA respectively.  The following 
primer pairs were used to track steps in nitrogen metabolism: Beta amoA RK, AOA amoA RK and 
COMA amoA RK were used to track nitritation, Peri nxrB RK was used to track periplasmic 
nitratation, and nosZ-I RK and nosZ-II RK were used to track denitrification (Chapter 2).  
Cytoplasmic nitratation was tracked using nxrB-1F/1R (Vanparys et al., 2007).  Primers are 
detailed in Table 3.1.  Five 1:10 serial dilutions of standards were run in triplicate on each 48-well 
plate.  Samples, no template controls (NTC), and no reverse transcriptase controls (NRTC) were 
also run in triplicate.  Welch’s t-test for independent samples with unequal variance and sample 
size (α = 0.05) was used to determine whether amplicon abundance differed from the NTC or 
NRTC.  Targets were considered ‘not detected’ when the samples were not statistically different 
from the NTC or NRTC. 
Results and Discussion 
For the two days in which the PSBRs were sampled for molecular analyses, nitrogen 
metabolism was most apparent in the SRT 15 bioreactor (Figure 3.1, Supplemental Figures 3.1 
and 3.2), which is consistent with higher biomass present in this bioreactor.  For all three 
bioreactors, ammonium concentrations fell during the periods of illumination following feeding.  
Nitrite accumulation was apparent in the SRT 15 bioreactor as ammonium concentrations fell.  
Nitrate concentrations remained low or undetectable (Figure 3.1A, Supplemental Figure 3.1A and 
3.2A). 
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Overall, trends with respect to copy numbers of genes and transcripts are similar among 
the three bioreactors (Figure 3.1, Supplemental Figures 3.1 and 3.2).  DNA and RNA copy 
numbers per mL were greatest in SRT 15 which reflects both biomass concentrations as well as N 
species concentrations.  Due to increased biomass concentrations, genes and transcripts were most 
reliably detected in the bioreactors with longer retention times.  Gene abundances of amoA and 
nxrB generally increased during the light cycle and decreased during the dark cycle.  Gene 
abundance of nosZ was more stable, with less pronounced changes during light and dark periods 
Transcript abundances for all three targets did not show clear correlations over time (Figure 
3.1, Supplemental Figures 3.1 and 3.2), and were not reliably detected in SRT 5 (likely due to low 
biomass concentrations from the 3ml sample).  Transcript abundances for amoA and nosZ were 
high throughout, while abundances for nxrB were low in all three bioreactors.  Settling and biomass 
removal at the end of the cycle likely contributed to the lower gene and transcript copy numbers 
per mL at the 24h time-point across all three reactors.   
Nitritation 
Genes encoding ammonia monooxygenase from Betaproteobacteria and COMMAMOX 
were quantified in all three reactors, but transcript copy numbers suggest Betaproteobacteria 
dominated nitritation.  For SRT 15, COMAMMOX amoA gene copies decreased during the dark 
period while Betaproteobacteria amoA gene copies did not have a clear trend (Figure 3.1B).  Gene 
copy and transcript numbers of amoA from Betaproteobacteria and COMAMMOX showed 
different trends in the PSBR.  For example in SRT 15, amoA transcripts from Betaproteobacteria 
increased substantially during the first light period, and decreased during the first dark period, 
while transcripts from COMMAMOX amoA did not (Figure 3.1E).   
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These differences in responses of amoA gene and transcript numbers from 
Betaproteobacteria and COMAMMOX may reflect differences in the physiologies of these 
organisms.  These differences in physiology are suggested by the differences in transcript 
abundance relative to DNA copy numbers (Figure 3.1E).  Transcripts of Betaproteobacteria amoA 
increased 100-fold over the first light phase while gene copies only increased 10-fold.  
COMAMMOX amoA transcript abundances remain relatively stable while gene copy 
concentrations rose and fell ~1000-fold, with lowest transcript abundances per DNA copy at the 
end of the light period, when nitrite began to accumulate in the bioreactor.  Since COMMAMOX 
can oxidize both ammonia and nitrite (H. Daims et al., 2015), it may downregulate ammonia 
oxidation when nitrite concentrations rise (however, see ‘Nitratation’, below).  In contrast, 
ammonia-oxidizing Betaproteobacteria are only capable of oxidizing ammonium, and not nitrite, 
and would be expected to transcribe amoA despite ammonium or oxygen concentrations 
decreasing (Daniel J Arp, Sayavedra-Soto, & Hommes, 2002), as was seen here.   
Nitratation 
Low levels of nitratation are suggested by low nxrB gene and transcript copy numbers 
(Figure 3.1C, 3.1F; supplemental figures 3.1C, 3.1F, 3.2C, and 3.2F) and the low levels of nitrate 
in the bioreactors (Figure 3.1A, Supplemental Figure 1A and 3.2A).  Cytoplasmic and periplasmic 
nxrB gene copy numbers were ~2 orders of magnitude lower than amoA, but generally rose and 
fell in parallel with amoA.  Consistent with the low copy numbers of nxrB genes, transcript levels 
were low in all three bioreactors and did not change under light vs. dark conditions.  While 
cytoplasmic and periplasmic nxrB gene copy numbers were similar, transcript abundances were 
greater for cytoplasmic nxrB.  As for differences in gene and transcript abundances for amoA 
described above, these differences among nxrB transcript abundances may reflect differences in 
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physiology of their host organisms.  Cytoplasmic nxrB is present in Nitrobacter and Nitrococcus 
spp. (Lucker et al., 2013; Lücker et al., 2010; Eva Spieck & Bock, 2005), while the periplasmic 
form is present in Nitrospira spp (Sorokin et al., 2012).  The lower transcript numbers for 
periplasmic (Nitrospira-type) nxrB is a bit surprising, given that transcripts of amoA from these 
organisms relative to gene copy numbers also decrease, suggesting that these metabolically 
versatile organisms (Koch et al., 2015) may adopt another mode of growth beyond using ammonia 
or nitrite as an electron donor under these conditions. 
Denitrification 
nosZ gene copy numbers remained relatively constant throughout the two cycles (<10-fold 
change).  The relatively stable gene copy numbers and transcript levels suggest that denitrifiers 
were active throughout the light/dark cycles, and that nitritation and denitrification were happening 
simultaneously.  This is also suggested by the low concentrations of nitrite in the bioreactor (Figure 
3.1A, Supplemental Figures 3.1A and 3.2A); in the absence of denitrification, the molar abundance 
of nitrite should be similar to the molar abundance of ammonium consumed.  Instead, nitrite 
accumulated to less than 22.7% (1st cycle) and 65.4% (2nd cycle) of the ammonium consumed, 
suggesting nitrite was being consumed as it was produced.  Given the absence of nitrate 
accumulation, and the abundance of nosZ gene copy numbers and transcripts, the most obvious 
explanation is removal via denitrification.   
For all three bioreactors, nosZ genes and transcripts from Proteobacteria (type I nosZ) were 
generally more abundant than those from Bacteroidetes/Firmicutes (type II).  Both types of nosZ 
have been detected in wastewater-related environments (Kinh et al., 2017; Lawson et al., 2017; H. 
Yoon, Song, & Yoon, 2017), so their co-occurrence in these samples was expected.  Given that 
the factors favoring denitrifiers from Proteobacteria versus Bacteroidetes/Firmicutes are currently 
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under study (Conthe et al., 2018; Graf et al., 2014; Suenaga, Riya, Hosomi, & Terada, 2018; S. 
Yoon, Nissen, Park, Sanford, & Löffler, 2016), the mechanism driving the relative abundance of 
these organisms is unclear at this point.  
qPCR and qRT-PCR data combined with chemical analysis supports that shortcut nitrogen 
removal was successful in algal PSBR SRT 15 days.  Contrary to our hypothesis, possible SND 
during the light phase and incomplete anoxia during the dark phase could have prevented expected 
trends in amoA and nosZ transcript abundances.  Reactor instability for SRT 5 and 10 days resulted 
in no clear trend for any of the biomarkers, when detectable.   
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Figures 
 
Figure 3.1 DNA Copy Numbers for Biomarkers in SRT 15 Bioreactor. (A) Nitritation-related genes measured using AOB 
amoA RK and COMA amoA RK. (B) Nitratation-related genes measured using Peri nxrB RK and NxrB-1f/2r (C) Denitrification-related 
genes measured using nosZ-I RK and nosZ-II RK. (D) Nitrogen species concentrations.  
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Figure 3.2 RNA Copy Numbers for Biomarkers in SRT 15 Bioreactor. (A) Nitritation-related transcripts measured using 
AOB amoA RK and COMA amoA RK. (B) Nitratation-related genes transcripts using Peri nxrB RK and NxrB-1f/2r (C) Denitrification-
related transcripts measured using nosZ-I RK and nosZ-II RK. (D) Nitrogen species concentrations. 
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Tables 
Table 3.1 qPCR Primers for Nitrogen Metabolism. 
Biomarker Primer Sequence (5’ → 3’)1 Length (nt)2 
Betaproteobacteria amoA 
Beta amoA F RK GACTGGGAYTTCTGGMTKGAYTGGAA 
199 
Beta amoA R RK TGYGACCACCAGTARAAWCCCCAG 
AOA amoA 
AOA amoA F RK GCMTTCAARTATCCRAGRCCRACRYTGCCW 
231 
AOA amoA R RK TACMGATGGATGGCCGCNTGGWSMAAG 
COMAMMOX amoA 
COMA amoA F RK GGRACYTTYCAYATGCACACVGC 
225 
COMA amoA R RK ACCACCAMGAVGTRTARACSGCAA 
Periplasmic nxrB 
Peri nxrB F RK GTGGAACAAYGTGGARACSAAGCC 
230 
Peri nxrB R RK SACRAASCGCCAYTCYTGGTC 
Cytoplasmic nxrB 
NxrB-1F 3 ACGTGGAGACCAAGCCGGG 
410 
NxrB-1R 3 CCGTGCTGTTGAYCTCGTTGA 
Group I nosZ  
nosZ-I F RK GAVGAYSTSACSCAYGGYTT 
142 
nosZ-I R RK TGSADBGCVKRRCAGAA 
Group II nosZ  
nosZ-II F RK CGTTGCAYACNSARTTYGA 
207 
nosZ-II R RK CKRTYCTTNGYNAKYTTRTT 
1International Union for Bacteriology codes for bases: Y, C or T; R, A or G; M, A or C; K, G or T; S, G or C; W, A or T; H, A, C, or T; D, A, G, 
or T; and N, A, C, G, or T. 
2 Sequence sites and amplicon length are with respect to the genes from the reference organisms, collected from the Integrated Microbial Genomes 
database. 
3 (Vanparys et al., 2007) 
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CHAPTER 4 
CONCLUSIONS 
Our ability to track the activities of microorganisms in the environment using molecular 
tools is hampered by the taxonomic and physiological diversity of these organisms.  This is 
particularly true for deciphering nitrogen transformations, as new organisms, and novel nitrogen 
transformations, continue to be uncovered.  Tracking nitrogen transformations is particularly key 
to understanding the process of nitrogen removal during wastewater treatment.  The overarching 
objective of this work was to use molecular tools to track nitrogen metabolism by microorganisms, 
as part of a larger project to design more efficient wastewater treatment processes.   
Ammonium oxidation, nitrite oxidation and nitrous oxide reduction were each tracked 
using qPCR for gene copy abundance and qRT-PCR for transcript abundance to infer if 
corresponding nitrogen metabolism steps were taking place.  The number of gene copy numbers 
(DNA) and transcripts (RNA) were analyzed over the course of two cycles each comprised of a 
light and dark phase.  Chemical analyses suggested that nitrogen removal was greatest in SRT 15.  
During the light phase, ammonium concentrations decreased, while nitrite increased, while during 
the dark phase, nitrite concentrations fell.  Nitrate concentrations were low, or undetectable.  Our 
intention was to complement these data using molecular tools to meet the following objectives. 
Objective 1: Designing and validating degenerate primers for qPCR and qRT-PCR 
assays to track the presence and activity of microorganisms catalyzing steps of the nitrogen 
cycle relevant to evaluating PSBR performance. 
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Primers were successfully designed for each of the target biomarker genes: AOB, 
COMAMMOX and AOA amoA; periplasmic type nxrB; and Bacteroidetes/Firmicute and 
Proteobacteria-type nosZ.  The degenerate primers were designed to anneal to a greater diversity 
of known amoA, nxrB, and nosZ sequences than others currently used to detect and quantify these 
genes in environmental and wastewater samples.  The lengths of the amplicons are also more 
appropriate for qPCR.  The primers designed here successfully amplified and quantified biomarker 
gene copy numbers from an environmental sample (AOA amoA – Weedon Island) and engineered 
system sample (all others – Falkenburg Advanced Wastewater Treatment Plant of Hillsborough 
county FL and South Cross Bayou Water Reclamation Facility of Pinellas County FL).  Ten 
amplicons from each biomarker were sequenced to verify that the amplicons consisted of amplified 
target genes.  qRT-PCR was carried out in PSBR samples and also produced amplicons.   
While a step in the right direction, these primer pairs have the following shortcomings.  
The limits of detection for these primer pairs are high (75 – 1.4 x 103 copy numbers / 20ul reaction), 
likely due to their degeneracy.  High levels of degeneracy can also change other aspects of the 
reaction set-up, such as nosZ-I RK and nosZ-II RK requiring a 10x greater concentration than 
manufacturers recommendation due to degeneracy rates exceeding 2000 (i.e. greater than 2000 
individual sequences in a mixture). 
Some genes have so much sequence heterogeneity that targeting with a single primer pair 
is not currently possible and some sequences may not be amplified by the primers designed here.  
For example, as explained in chapter 2, biomarker genes were targeted by analyzing the major 
clades of sequence phylogenies and reasonably targeting each; but no single clade had 100% of 
the sequences in the alignment matching with their respective primer pairs.  Further, the 
cytoplasmic-type nxrB was still too diverse to design a single primer pair manually.  Another 
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limitation is that the amplicon size, while ideal for qPCR and qRT-PCR, is not ideal for high-
resolution phylogenetic analysis. 
Objective 2: Verifying that ammonium oxidation is stimulated during the illuminated 
portion of the PSBR diel cycle 
Contrary to the hypothesis, AOB amoA gene copy numbers remained relatively flat while 
COMAMMOX copy concentrations spiked (3 orders of magnitude) at the end of the first light 
cycle (t=12, 13hrs).  This was not repeated in the second cycle so there was no clear relationship 
between AOM gene copy numbers and light or dark condition (aerobic/anoxic) changes 
throughout each PSBR cycle.  Transcript copies for AOB amoA increased over the first light period 
while COMAMMOX amoA remained relatively flat.  amoA transcripts did not decrease 
significantly during the dark phase, likely due to remaining ammonium in the reactor with the top 
of the reactor being open and allowing diffusion of oxygen from the air.  Although both groups 
are present, Betaproteobacteria had much greater transcript concentrations suggesting that the 
majority of ammonia oxidation in the system was catalyzed by this group.   
Objective 3: Verifying that minimal nitrite oxidation is occurring in the PSBR.  
Shortcut nitrogen removal is supported by low copy numbers of nxrB genes and transcripts 
are consistent with low nitrate concentrations being due to minimal nitrite oxidation.  The NOB 
gene copy numbers were orders of magnitude lower than amoA but increased and decreased in 
parallel with AOM gene copy numbers.  The NOB transcript concentrations had no clear trend in 
abundance from light vs. dark conditions over the two cycles.  While both nxrB types gene 
abundances were similar, transcripts for cytoplasmic-type nxrB were greater. 
Objective 4: Verifying that denitrification is stimulated during the dark portion of the 
PSBR diel cycle 
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Contrary to our hypothesis, gene copy numbers for the two nosZ biomarkers remained 
relatively constant (<10-fold change) throughout both the light and dark phase with 
Proteobacterial type maintaining a greater concentration than the Bacteroidetes/Firmicute-type.  
Denitrification transcripts increased greatly during the first light phase and decreased greatly in 
the first hour of the dark phase.  This trend is likely a result from simultaneous 
nitrification/denitrification during the light phase and rapid consumption of nitrite during the first 
hour of the dark phase.  Simultaneous nitrification and denitrification is also suggested by 
stoichiometry: as ammonium concentrations fell, far less nitrite was produced than expected, 
suggesting nitrogen loss as N2 during the illuminated periods in the PSBR 
Future Directions for Nitrogen Metabolism Evaluation using Molecular Tools 
COMAMMOX organisms were recently discovered (H. Daims et al., 2015; van Kessel et 
al., 2015) and their role in nitrogen cycling is still being determined.  Use of the COMA amoA RK 
primer designed here could help expand the understanding of this group of organisms’ role in 
nitrogen metabolism in a variety of habitats, including agricultural soils and wastewater treatment.  
Determining the relative abundance of this group of organisms to other AOM could help 
distinguish their contribution to nitrogen metabolism in a system or perhaps identify N metabolism 
in an environment where other AOB may not be present. 
One objective this study was not able to achieve was to design a better primer pair for 
evaluating cytoplasmic-type nxrB.  Manual design of this sequence alignment was not possible 
using a single degenerate primer pair; the conserved regions were not at the appropriate length for 
qPCR or the level of degeneracy would be too great to design a reaction with specific and reliable 
results.  Perhaps grouping this physiological form into homologous clades would allow the design 
of multiple degenerate primer pairs; or an automated approach could determine a degenerate 
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primer pair which could reasonably capture the breadth of this metabolic group with greater 
success.   
A similar approach could be used to reevaluate other biomarkers used for assessing 
nitrogen metabolism, such as other denitrification genes or auxiliary pathways such as anaerobic 
ammonium oxidation.  Evaluating nitrate reductase (NAR/NAP), nitrite reductase (NIR) or nitric 
oxide reductase (NOR) may help evaluate what groups are performing which steps of 
dentrification, the abundance of transcripts versus genes for each step, or when/where different 
steps of denitrification are taking place in a system. 
Anaerobic ammonia oxidizing organisms (ANAMMOX) consume nitrite under anaerobic 
conditions to produce hydrazine or hydroxylamine for their electron transport chain (Marc Strous 
et al., 2006) and have been described in five Candidatus genera (van Niftrik & Jetten, 2012).  These 
conditions are common to wastewater treatment where biomass flocks can form anaerobic 
conditions in the treatment track and may be responsible for a portion of SND or dentrification.  
This group of organisms would be particularly relevant in a full scale system using any type of 
media for microbial residence, such as a membrane bed or filter.  
PCR primers should always be reevaluated to adequately measure their target and an effort 
should be made to update molecular methods to the expanding genomic databases.  Many of the 
popular primers currently being used to quantify genes are outdated and are not likely to adequately 
reflect the abundances of their target genes or transcripts. 
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APPENDIX 
Appendix A: Supplemental Tables 
Supplemental Table 2.1 Phylogenetic Information of Members in Sequence Alignment for Each Biomarker. 
 
Beta amoA       
Domain Phylum Class Order Family Genus Species 
Bacteria Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Hydrogenophaga Hydrogenophaga sp. T4 (B) [P] 
        unclassified unclassified Burkholderiales bacterium RIFCSPHIGHO2_12_FULL_67_38 (B) [P] 
         Burkholderiales bacterium RIFCSPLOWO2_02_FULL_67_64 (B) [P] 
           Burkholderiales bacterium RIFCSPLOWO2_12_67_14 (B) [P] 
           Burkholderiales bacterium RIFCSPLOWO2_12_FULL_67_210 (B) [P] 
      Nitrosomonadales Nitrosomonadaceae Nitrosomonas Nitrosomonas aestuarii Nm36 (B) [D] 
        Nitrosomonas aestuarii Nm69 (B) [D] 
           Nitrosomonas communis Nm110 (B) [D] 
           Nitrosomonas communis Nm2 (B) [D] 
           Nitrosomonas communis Nm2 (B) [D] 
           Nitrosomonas communis Nm44 (B) [D] 
           Nitrosomonas cryotolerans ATCC 49181 (B) [P] 
           Nitrosomonas crytolerans Nm55 (B) [D] 
           Nitrosomonas europaea ATCC 19718 (B) [F] 
           Nitrosomonas europaea ATCC 25978 (B) [P] 
           Nitrosomonas europaea Nm35 (B) [D] 
           Nitrosomonas europaea Nm50 (B) [D] 
           Nitrosomonas eutropha C91 (B) [F] 
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           Nitrosomonas eutropha Nm14 (B) [D] 
           Nitrosomonas eutropha Nm19 (B) [D] 
           Nitrosomonas eutropha Nm24 (B) [D] 
           Nitrosomonas eutropha Nm38 (B) [D] 
           Nitrosomonas eutropha Nm56 (B) [D] 
           Nitrosomonas eutropha Nm57 (B) [D] 
           Nitrosomonas halophila Nm1 (B) [D] 
           Nitrosomonas marina Nm22 (B) [D] 
           Nitrosomonas marina Nm71 (B) [D] 
           Nitrosomonas nitrosa Nm146 (B) [D] 
           Nitrosomonas nitrosa Nm90 (B) [D] 
           Nitrosomonas nitrosa Nm91 (B) [D] 
           Nitrosomonas oligotropha Nm49 (B) [D] 
           Nitrosomonas oligotropha Nm75 (B) [D] 
           Nitrosomonas oligotropha Nm76 (B) [D] 
           Nitrosomonas sp. AL212 (B) [F] 
           Nitrosomonas sp. IS79A3 (B) [F] 
           Nitrosomonas sp. Nm120 (B) [D] 
           Nitrosomonas sp. 41 Nm132 (B) [D] 
           Nitrosomonas sp. Nm141 (B) [D] 
           Nitrosomonas sp. Nm166 (B) [D] 
           Nitrosomonas sp. 33 Nm33 (B) [D] 
           Nitrosomonas sp. Nm34 (B) [D] 
           Nitrosomonas sp. 51 Nm51 (B) [D] 
           Nitrosomonas sp. 41 Nm58 (B) [D] 
           Nitrosomonas sp. Nm84 (B) [D] 
           Nitrosomonas sp. Nm86 (B) [D] 
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           Nitrosomonas ureae Nm13 (B) [D] 
           Nitrosomonas ureae Nm15 (B) [D] 
           Nitrosomonas ureae Nm4 (B) [D] 
           Nitrosomonas ureae Nm42 (B) [D] 
           Nitrosomonas ureae Nm5 (B) [D] 
           Nitrosomonas ureae Nm9 (B) [D] 
           Nitrosomonas sp. Nm134 (B) [D] 
          Nitrosospira Nitrosospira briensis C-128 (B) [P] 
          Nitrosospira briensis Nsp10 (B) [D] 
           Nitrosospira briensis Nsp8 (B) [D] 
           Nitrosospira lacus APG3 (B) [D] 
           Nitrosospira multiformis ATCC 25196 (B) [F] 
           Nitrosospira multiformis Nl1 (B) [D] 
           Nitrosospira multiformis Nl12 (B) [D] 
           Nitrosospira multiformis Nl13 (B) [D] 
           Nitrosospira multiformis Nl14 (B) [D] 
           Nitrosospira multiformis Nl18 (B) [D] 
           Nitrosospira multiformis Nl2 (B) [D] 
           Nitrosospira multiformis Nl3 (B) [D] 
           Nitrosospira multiformis Nl4 (B) [D] 
           Nitrosospira multiformis Nl7 (B) [D] 
           Nitrosospira sp. Nl5 (B) [D] 
           Nitrosospira sp. NpAV (B) [D] 
           Nitrosospira sp. 1 Nsp1 (B) [D] 
           Nitrosospira sp. Nsp13 (B) [D] 
           Nitrosospira sp. Nsp14 (B) [D] 
           Nitrosospira sp. Nsp18 (B) [D] 
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           Nitrosospira sp. Nsp2 (B) [D] 
           Nitrosospira sp. Nsp22 (B) [D] 
           Nitrosospira sp. Nsp37 (B) [D] 
           Nitrosospira sp. Nsp5 (B) [D] 
           Nitrosospira sp. Nsp6 (B) [D] 
           Nitrosospira sp. 1 Nsp11 (B) [D] 
          Nitrosovibrio Nitrosovibrio sp. Nv12 (B) [D] 
          Nitrosovibrio sp. Nv4 (B) [D] 
           Nitrosovibrio sp. Nv6 (B) [D] 
           Nitrosovibrio tenuis Nv1 (B) [D] 
      unclassified unclassified unclassified Betaproteobacteria sp. genome_bin_9 (B) [D] 
       
COMAMMOX amoA      
Domain Phylum Class Order Family Genus Species 
Bacteria Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira Candidatus Nitrospira inopinata ENR4 (B) [D] 
      Candidatus Nitrospira nitrificans COMA2 (B) [D] 
           Candidatus Nitrospira nitrosa COMA1 (B) [D] 
      unclassified unclassified unclassified Nitrospirae sp. genome_bin_8 (B) [D] 
       
       
AOA amoA       
Domain Phylum Class Order Family Genus Species 
Archaea Crenarchaeota unclassified unclassified unclassified unclassified 
Marine Group I crenarchaeote sp. SCGC AAA007-N19 (unscreened) 
(A) [P] 
      Marine Group I crenarchaeote sp. SCGC AAA288-I14 (unscreened) (A) 
[P] 
           
Marine Group I crenarchaeote sp. SCGC AAA288-J14 (unscreened) (A) 
[P] 
           uncultured crenarchaeote (A) [D] 
  Thaumarchaeota Nitrososphaeria Nitrososphaerales Nitrososphaeraceae 
Candidatus 
Nitrosocosmicus 
Thaumarchaeota archaeon MY3 (A) [D] 
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      Candidatus Nitrosocosmicus exaquare G61 (A) [D] 
           Candidatus Nitrosocosmicus exaquare G61 (A) [P] 
          Nitrososphaera Candidatus Nitrososphaera evergladensis SR1 (A) [F] 
          Candidatus Nitrososphaera gargensis Ga9-2 (A) [F] 
           Nitrososphaera viennensis EN76 (A) [F] 
    unclassified Cenarchaeales Cenarchaeaceae Cenarchaeum Cenarchaeum symbiosum A (A) [F] 
      Nitrosopumilales Nitrosopumilaceae 
Candidatus 
Nitrosoarchaeum 
Candidatus Nitrosoarchaeum koreensis MY1 (A) [P] 
        Candidatus Nitrosoarchaeum limnia BG20 (A) [P] 
           Candidatus Nitrosoarchaeum limnia SFB1 (unscreened) (A) [P] 
          Nitrosopumilus Candidatus Nitrosopumilus adriaticus NF5 (A) [D] 
          Candidatus Nitrosopumilus koreensis AR1 (A) [F] 
           Candidatus Nitrosopumilus piranensis D3C (A) [D] 
           Candidatus Nitrosopumilus sediminis AR2 (A) [F] 
           Nitrosopumilus maritimus SCM1 (A) [F] 
           Nitrosopumilus sp. AR (A) [P] 
           Nitrosopumilus sp. Nsub (A) [D] 
           Nitrosopumilus sp. SJ (A) [P] 
           Candidatus Nitrosopumilus sp. BD31 (A) [P] 
           
Marine group I.1a Thaumarchaeota archaeon SCGC AG-485_D14 
(contamination screened) (A) [D] 
           
Marine group I.1a Thaumarchaeota archaeon SCGC AG-487_K17 
(contamination screened) (A) [D] 
          unclassified unclassified Nitrosopumilaceae Bin 71 (A) [D] 
        unclassified unclassified 
Marine archaeal group 1 JGI ETNP_125m_188_A04 (contamination 
screened) (A) [D] 
         
Marine archaeal group 1 JGI GoM_1470m_185_A05 (contamination 
screened) (A) [D] 
           
Marine archaeal group 1 JGI GoM_1470m_185_E01 (contamination 
screened) (A) [D] 
           
Marine archaeal group 1 JGI GoM_1470m_185_F01 (contamination 
screened) (A) [D] 
           
Marine archaeal group 1 JGI GoM_375m_188_E10 (contamination 
screened) (A) [D] 
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      unclassified unclassified 
Candidatus 
Nitrosopelagicus 
Candidatus Nitrosopelagicus brevis CN25 (A) [D] 
        Nitrosopelagicus sp. REDSEA-S08_B1 (A) [D] 
           Nitrosopelagicus sp. REDSEA-S25_B3 (A) [D] 
           Nitrosopelagicus sp. REDSEA-S27_B13N2 (A) [D] 
           Nitrosopelagicus sp. REDSEA-S31_B2 (A) [D] 
           Nitrosopelagicus sp. REDSEA-S37_B6 (A) [D] 
          
Candidatus 
Nitrosotenuis 
Thaumarchaeota archaeon MY2 (A) [P] 
          Thaumarchaeota archaeon SAT1 (A) [D] 
          unclassified 
Marine Group I thaumarchaeote SCGC AAA160-J20 (unscreened) (A) 
[P] 
          
Marine Group I thaumarchaeote SCGC AAA799-D11 (unscreened) (A) 
[D] 
           
Marine Group I thaumarchaeote SCGC AAA799-N04 (unscreened) (A) 
[P] 
           
Marine Group I crenarchaeon SCGC AB-629-I23 - v2 (unscreened) (A) 
[D] 
           Marine Group I thaumarchaeote RSA3 (unscreened) (A) [D] 
           Thaumarchaeota archaeon N4 (A) [D] 
           
Thaumarchaeota archaeon SCGC AAA282-K18 (contamination 
screened) (A) [P] 
           
Thaumarchaeota archaeon SCGC AB-661-M19 (contamination 
screened) (A) [P] 
           
Thaumarchaeota archaeon SCGC AB-663-F14 (contamination 
screened) (A) [P] 
           
Thaumarchaeota archaeon SCGC AC-312_A11 - v2 (contamination 
screened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AC-312_A11 - v2 (unscreened) (A) 
[D] 
           
Thaumarchaeota archaeon SCGC AC-312_C19v2 (contamination 
screened) (A) [D] 
           Thaumarchaeota archaeon SCGC AC-312_C19v2 (unscreened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AC-312_F15 - v2 (contamination 
screened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AC-312_F15 - v2 (unscreened) (A) 
[D] 
           
Thaumarchaeota archaeon SCGC AC-312_G05 - v2 (unscreened) (A) 
[D] 
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Thaumarchaeota archaeon SCGC AC-312_J09v2 (contamination 
screened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AC-337_F14v2 (contamination 
screened) (A) [D] 
           Thaumarchaeota archaeon SCGC AC-337_F14v2 (unscreened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AC-337_L13v2 (contamination 
screened) (A) [D] 
           Thaumarchaeota archaeon SCGC AC-337_L13v2 (unscreened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AD-305-F05 - v2 (contamination 
screened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AD-305-F05 - v2 (unscreened) (A) 
[D] 
           
Thaumarchaeota archaeon SCGC AD-308-D05v2 (contamination 
screened) (A) [D] 
           Thaumarchaeota archaeon SCGC AD-308-D05v2 (unscreened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AD-311-O21 (contamination 
screened) (A) [D] 
           Thaumarchaeota archaea JGI 01_B9 (contamination screened) (A) [D] 
           Thaumarchaeota archaea JGI 02_H7 (contamination screened) (A) [D] 
           
Thaumarchaeota archaeon SCGC AAA007-O23 (contamination 
screened) (A) [P] 
           Uncultured Thaumarcheaota bin 8 (A) [P] 
           
Marine group I.1a Thaumarchaeota archaeon SCGC AG-485_G20 
(contamination screened) (A) [D] 
       
Nitrospira nxrB      
Domain Phylum Class Order Family Genus Species 
Archaea 
Candidatus 
Bathyarchaeota 
unclassified unclassified unclassified unclassified Candidatus Bathyarchaeota archaeon JdFR-10 (A) [P] 
      Candidatus Bathyarchaeota archaeon JdFR-11 (A) [P] 
  Crenarchaeota Thermoprotei Desulfurococcales Desulfurococcaceae Aeropyrum Aeropyrum camini SY1, JCM 12091 (A) [F] 
      Aeropyrum camini SY1, JCM 12091 (A) [D] 
      Thermoproteales Thermoproteaceae Pyrobaculum Pyrobaculum arsenaticum PZ6, DSM 13514 (A) [F] 
        Pyrobaculum calidifontis JCM 11548 (A) [F] 
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           Pyrobaculum ferrireducens 1860 (A) [F] 
           Pyrobaculum oguniense TE7, DSM 13380 (A) [F] 
    unclassified unclassified unclassified unclassified Unclassfied Crenarchaeota DRTY7 bin_25_26 (A) [D] 
       Unclassfied Crenarchaeota ZZQ bin_4_3rd (A) [D] 
  Euryarchaeota Archaeoglobi Archaeoglobales Archaeoglobaceae Archaeoglobus Archaeoglobus sp. JdFR-37 (A) [P] 
          Ferroglobus Ferroglobus placidus AEDII12DO, DSM 10642 (A) [F] 
    Halobacteria Halobacteriales Haloarculaceae Haloarcula Haloarcula amylolytica JCM 13557 (A) [P] 
       Haloarcula argentinensis DSM 12282 (A) [P] 
           Haloarcula californiae BJGN-2, ATCC 33799 (A) [P] 
           Haloarcula californiae BJGN-2, ATCC 33799 (A) [P] 
           Haloarcula hispanica CGMCC 1.2049 (A) [F] 
           Haloarcula hispanica N601 (A) [F] 
           Haloarcula japonica DSM 6131 (A) [P] 
           Haloarcula marismortui ATCC 43049 (A) [F] 
           Haloarcula rubripromontorii SL3 (A) [D] 
           Haloarcula salaria H5-DGR (A) [D] 
           Haloarcula sinaiiensis BJSG-2 (A) [P] 
           Haloarcula sinaiiensis BJSG-2 (A) [P] 
           Haloarcula sp. CBA1115 (A) [D] 
           Haloarcula sp. CBA1128 (A) [D] 
           Haloarcula sp. K1 (A) [D] 
           Haloarcula vallismortis DSM 3756 (A) [D] 
           Haloarcula vallismortis J.F. 54 (A) [P] 
           Haloarcula vallismortis J.F. 54 (A) [P] 
          Halomicrobium Halomicrobium katesii DSM 19301 (A) [P] 
          Halomicrobium mukohataei arg-2, DSM 12286 (A) [F] 
           Halomicrobium zhouii CGMCC 1.10457 (A) [D] 
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          Halorhabdus Halorhabdus utahensis AX-2, DSM 12940 (A) [F] 
          Halorientalis Halorientalis persicus IBRC-M 10043 (A) [D] 
          Halorientalis regularis IBRC-M 10760 (A) [D] 
          Halosimplex Halosimplex carlsbadense 2-9-1 (A) [P] 
          Natronomonas Natronomonas pharaonis Gabara, DSM 2160 (A) [F] 
        Halobacteriaceae Haladaptatus Haladaptatus sp. W1 (A) [D] 
        Halococcaceae Halococcus Halococcus saccharolyticus DSM 5350 (A) [P] 
         Halococcus salifodinae BIp (A) [P] 
      Haloferacales Haloferacaceae Halobellus Halobellus limi CGMCC 1.10331 (A) [D] 
          Haloferax Haloferax alexandrinus JCM 10717 (A) [P] 
          Haloferax denitrificans S1 (A) [P] 
           Haloferax denitrificans S1 (A) [P] 
           Haloferax elongans ATCC BAA-1513 (A) [P] 
           Haloferax larsenii CDM_5 (A) [D] 
           Haloferax larsenii JCM 13917 (A) [P] 
           Haloferax lucentense DSM 14919 (A) [P] 
           Haloferax massiliensis Arc-Hr (A) [D] 
           Haloferax mediterranei R-4 (A) [F] 
           Haloferax mediterranei R-4 (A) [P] 
           Haloferax mediterranei R-4 (A) [P] 
           Haloferax mediterranei R-4 (A) [F] 
           Haloferax sp. GUBF-1, ATCC BAA-644 (A) [P] 
           Haloferax sp. GUBF-2, ATCC BAA-645 (A) [P] 
           Haloferax sp. GUBF-3 (A) [P] 
           Haloferax sp. BAB2207 (A) [P] 
           Haloferax volcanii DS2 (A) [P] 
           Haloferax volcanii DS2, ATCC 29605 (A) [F] 
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          Halogeometricum Halogeometricum borinquense PR3, DSM 11551 (A) [P] 
          Halogeometricum borinquense PR3, DSM 11551 (A) [F] 
           Halogeometricum pallidum JCM 14848 (A) [P] 
           Halogeometricum rufum CGMCC 1.7736 (A) [D] 
          Halogranum Halogranum amylolyticum CGMCC 1.10121 (A) [D] 
          Halogranum gelatinilyticum CGMCC 1.10119 (A) [D] 
          Haloplanus Haloplanus aerogenes CGMCC 1.10124 (A) [D] 
          Haloplanus vescus CGMCC 1.8712 (A) [D] 
        Halorubraceae 
Candidatus 
Halobonum 
Halobacteriaceae archaeon G22 (A) [P] 
          Halobaculum Candidatus Halobaculum G22 (A) [P] 
          Halorubrum Halorubrum sp. SAH-A6 (A) [D] 
          Halorubrum lacusprofundi ATCC 49239 (A) [F] 
           Halorubrum lacusprofundi R1S1 draft (A) [D] 
           Halorubrum lipolyticum DSM 21995 (A) [P] 
      Natrialbales Natrialbaceae Halobiforma Halobiforma haloterrestris DSM 13078 (A) [D] 
        Halobiforma lacisalsi AJ5, JCM 12983 (A) [P] 
           Halobiforma nitratireducens JCM 10879 (A) [P] 
          Halopiger Halopiger aswanensis DSM 13151 (A) [D] 
          Halopiger djelfamassiliensis IIH2 (A) [D] 
           Halopiger goleamassiliensis IIH3 (A) [D] 
           Halopiger xanaduensis SH-6 (A) [F] 
          Haloterrigena Haloterrigena jeotgali A29 (A) [P] 
          Haloterrigena salina JCM 13891 (A) [P] 
           Haloterrigena thermotolerans DSM 11522 (A) [P] 
           Haloterrigena turkmenica VKM B-1734, DSM 5511 (A) [P] 
           Haloterrigena turkmenica WANU15 (A) [D] 
          Halovivax Halovivax asiaticus JCM 14624 (A) [P] 
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          Natrialba Natrialba aegyptia DSM 13077 (A) [P] 
          Natrialba chahannaoensis JCM 10990 (A) [P] 
           Natrialba hulunbeirensis JCM 10989 (A) [P] 
           Natrialba taiwanensis DSM 12281 (A) [P] 
          Natrinema Natrinema altunense 1A4-DGR (A) [D] 
          Natrinema altunense AJ2 (A) [P] 
           Natrinema altunense JCM 12890 (A) [P] 
           Natrinema pallidum DSM 3751 (A) [P] 
           Natrinema pellirubrum 157 (A) [F] 
           Natrinema pellirubrum 157 (A) [P] 
           Natrinema salaciae DSM 25055 (A) [D] 
           Natrinema versiforme JCM 10478 (A) [P] 
          Natronococcus Natronococcus amylolyticus DSM 10524 (A) [P] 
          Natronococcus jeotgali DSM 18795 (A) [P] 
           Natronococcus occultus SP4, DSM 3396 (A) [F] 
          Natronorubrum Natronorubrum texcoconense DSM 25211 (A) [D] 
    Methanomicrobia Methanosarcinales 
Candidatus 
Methanoperedenaceae 
Candidatus 
Methanoperedens 
Candidatus Methanoperedens nitroreducens ANME-2d (A) [D] 
        unclassified 
Candidatus 
Methanoperedens 
Candidatus Methanoperedens nitroreducens ANME-2d (ANME_V10) 
(A) [P] 
         
Candidatus Methanoperedens nitroreducens ANME-2d 
(ANME_V9_SC) (A) [P] 
          unclassified Methanosarcinales (A) [P] 
          Methanosarcinales (A) [P] 
    unclassified unclassified unclassified unclassified Candidatus Hydrothermarchaeota archaeon JdFR-18 (A) [P] 
       Euryarchaeota archaeon RBG_16_67_27 (A) [D] 
           Euryarchaeota archaeon RBG_16_68_13 (A) [D] 
           Euryarchaeota archaeon RBG_19FT_COMBO_69_17 (A) [D] 
  Thaumarchaeota unclassified unclassified unclassified 
Candidatus 
Caldiarchaeum 
Candidatus Caldiarchaeum subterraneum (unscreened) (A) [P] 
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      Candidatus Caldiarchaeum subterraneum (unscreened) (A) [P] 
          
Candidatus 
Nitrosopelagicus 
Nitrosopelagicus sp. REDSEA-S27_B13N2 (A) [D] 
          unclassified Thaumarchaeota archaeon RBG_16_49_8 (A) [D] 
          
Marine Benthic Group A archaeon SCGC AD-613-B23 (contamination 
screened) (A) [D] 
Bacteria Acetothermia unclassified unclassified unclassified 
Candidatus 
Acetothermum 
Candidatus Acetothermum autotrophicum (unscreened) (B) [P] 
  Acidobacteria Acidobacteriia unclassified unclassified unclassified Acidobacteriia bacterium EBPR_Bin_484 (B) [P] 
    unclassified unclassified unclassified unclassified Acidobacteria bacterium RBG_16_64_8 (B) [D] 
       Acidobacteria bacterium RBG_16_70_10 (B) [D] 
           Acidobacteria bacterium RIFCSPLOWO2_02_FULL_60_20 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_02_FULL_61_28 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_02_FULL_64_15 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_02_FULL_65_29 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_02_FULL_67_21 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_02_FULL_68_18 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_12_FULL_60_22 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_12_FULL_65_11 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_12_FULL_66_10 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_12_FULL_67_14 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_12_FULL_68_19 (B) [P] 
  Actinobacteria unclassified unclassified unclassified unclassified Actinobacteria bacterium RBG_16_68_12 (B) [D] 
      Actinobacteria bacterium RBG_19FT_COMBO_70_19 (B) [D] 
  Aquificae Aquificae Aquificales Aquificaceae Hydrogenivirga Hydrogenivirga sp. 128-5-R1-1 (B) [D] 
          Hydrogenobacter Hydrogenobacter hydrogenophilus DSM 2913 (B) [D] 
           Hydrogenobacter thermophilus TK-6, DSM 6534 (B) [F] 
          Hydrogenobaculum Hydrogenobaculum sp. Y04AAS1 (B) [F] 
          Hydrogenobacter thermophilus TK-6, DSM 6534 (B) [F] 
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        Hydrogenothermaceae Persephonella Persephonella lauensis IFO5_L8 (B) [P] 
         Persephonella lauensis KM09_Lau8 (B) [P] 
          Sulfurihydrogenibium Sulfurihydrogenibium azorense Az-Fu1 (B) [F] 
          Sulfurihydrogenibium subterraneum DSM 15120 (B) [P] 
           Sulfurihydrogenibium yellowstonense SS-5 (B) [P] 
           Sulfurihydrogenibium r01 (B) [D] 
  Bacteroidetes unclassified unclassified unclassified unclassified Bacteroidetes bacterium GWA2_30_7 (B) [P] 
      Bacteroidetes bacterium RIFCSPLOWO2_02_FULL_36_8 (B) [P] 
           Bacteroidetes bacterium RIFCSPLOWO2_12_FULL_35_15 (B) [P] 
           Bacteroidetes bacterium RIFCSPLOWO2_12_FULL_37_12 (B) [P] 
  
Candidatus 
Dadabacteria 
unclassified unclassified unclassified unclassified 
Candidatus Dadabacteria bacterium RBG_19FT_COMBO_40_33 (B) 
[D] 
  
Candidatus 
Daviesbacteria 
unclassified unclassified unclassified unclassified 
Microgenomates (Daviesbacteria) bacterium GW2011_GWF2_38_6 
(B) [D] 
  
Candidatus 
Handelsmanbacteri
a 
unclassified unclassified unclassified unclassified 
Candidatus Handelsmanbacteria bacterium 
RIFCSPLOWO2_12_FULL_64_10 (B) [P] 
  
Candidatus 
Lindowbacteria 
unclassified unclassified unclassified unclassified 
Candidatus Lindowbacteria bacterium 
RIFCSPLOWO2_02_FULL_62_12 (B) [P] 
      Candidatus Lindowbacteria bacterium 
RIFCSPLOWO2_12_FULL_62_27 (B) [P] 
  
Candidatus 
Omnitrophica 
unclassified unclassified unclassified unclassified Omnitrophica WOR_2 bacterium GWA2_47_8 (B) [P] 
      Omnitrophica WOR_2 bacterium GWA2_63_20 (B) [P] 
           Omnitrophica WOR_2 bacterium GWF2_43_52 (B) [D] 
           Omnitrophica WOR_2 bacterium GWF2_63_9 (B) [D] 
           
Omnitrophica WOR_2 bacterium RIFCSPHIGHO2_01_FULL_48_9 
(B) [P] 
           
Omnitrophica WOR_2 bacterium RIFCSPHIGHO2_02_FULL_45_21 
(B) [P] 
           
Omnitrophica WOR_2 bacterium RIFCSPHIGHO2_02_FULL_50_17 
(B) [P] 
           
Omnitrophica WOR_2 bacterium RIFCSPHIGHO2_02_FULL_63_39 
(B) [P] 
           
Omnitrophica WOR_2 bacterium RIFCSPLOWO2_02_FULL_50_19 
(B) [P] 
           
Omnitrophica WOR_2 bacterium RIFCSPLOWO2_02_FULL_63_16 
(B) [P] 
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Omnitrophica WOR_2 bacterium RIFCSPLOWO2_12_FULL_50_9 
(B) [P] 
           
Omnitrophica WOR_2 bacterium RIFCSPLOWO2_12_FULL_63_16 
(B) [P] 
           Omnitrophica WOR_2 bacterium RIFOXYB2_FULL_45_11 (B) [P] 
           Omnitrophica WOR_2 bacterium RIFOXYC2_FULL_43_9 (B) [P] 
           Omnitrophica WOR_2 bacterium RIFOXYC2_FULL_45_15 (B) [P] 
           Omnitrophica bacterium GWA2_41_15 (B) [P] 
           Omnitrophica bacterium RIFCSPHIGHO2_02_FULL_46_11 (B) [P] 
           Omnitrophica bacterium RIFCSPHIGHO2_02_FULL_46_20 (B) [P] 
           Omnitrophica bacterium RIFCSPHIGHO2_02_FULL_63_14 (B) [P] 
           Omnitrophica bacterium RIFCSPLOWO2_01_FULL_45_10b (B) [P] 
           Omnitrophica bacterium RIFCSPLOWO2_01_FULL_45_24 (B) [P] 
           Omnitrophica bacterium RIFCSPLOWO2_02_FULL_45_16 (B) [P] 
           Omnitrophica bacterium RIFCSPLOWO2_12_FULL_45_13 (B) [P] 
           Omnitrophica bacterium RIFCSPLOWO2_12_FULL_50_11 (B) [P] 
  
Candidatus 
Rokubacteria 
unclassified unclassified unclassified unclassified Candidatus Rokubacteria bacterium GWA2_70_23 (B) [P] 
      Candidatus Rokubacteria bacterium GWA2_73_35 (B) [P] 
           Candidatus Rokubacteria bacterium GWC2_70_16 (B) [D] 
           Candidatus Rokubacteria bacterium GWC2_70_24 (B) [D] 
           Candidatus Rokubacteria bacterium GWF2_70_14 (B) [D] 
           
Candidatus Rokubacteria bacterium 
RIFCSPHIGHO2_02_FULL_73_26 (B) [P] 
           
Candidatus Rokubacteria bacterium RIFCSPLOWO2_02_FULL_68_19 
(B) [P] 
           
Candidatus Rokubacteria bacterium RIFCSPLOWO2_02_FULL_73_56 
(B) [P] 
           
Candidatus Rokubacteria bacterium RIFCSPLOWO2_12_FULL_69_21 
(B) [P] 
           
Candidatus Rokubacteria bacterium RIFCSPLOWO2_12_FULL_71_19 
(B) [P] 
           
Candidatus Rokubacteria bacterium 
RIFCSPHIGHO2_12_FULL_73_22 (B) [P] 
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Candidatus 
Schekmanbacteria 
unclassified unclassified unclassified unclassified Candidatus Schekmanbacteria bacterium GWA2_38_11 (B) [P] 
      Candidatus Schekmanbacteria bacterium RBG_16_38_11 (B) [D] 
           
Candidatus Schekmanbacteria bacterium 
RIFCSPLOWO2_02_FULL_38_14 (B) [P] 
           
Candidatus Schekmanbacteria bacterium 
RIFCSPLOWO2_12_FULL_38_15 (B) [P] 
  
Candidatus 
Tectomicrobia 
unclassified unclassified unclassified unclassified 
Candidatus Tectomicrobia bacterium 
RIFCSPLOWO2_02_FULL_70_19 (B) [P] 
      Candidatus Tectomicrobia bacterium 
RIFCSPLOWO2_12_FULL_69_37 (B) [P] 
  Chloroflexi Anaerolineae Anaerolineales unclassified unclassified Anaerolineales bacterium JdFR-61 (B) [P] 
    Caldilineae Caldilineales Caldilineaceae Caldilinea Caldilinea aerophila STL-6-O1, DSM 14535 (B) [P] 
       Caldilinea aerophila STL-6-O1, DSM 14535 (B) [F] 
    Dehalococcoidia unclassified unclassified unclassified 
Dehalococcoidia bacterium SCGC AG-200-A03 (contamination 
screened) (B) [D] 
       
Dehalococcoidia bacterium SCGC AG-200-B03 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-200-C05 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-200-E23 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-200-G19 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-200-G22 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-200-K21 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-I02 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-I13 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-K05 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-K13 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-M10 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-M21 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-P14 (contamination 
screened) (B) [D] 
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Dehalococcoidia bacterium SCGC AG-205-K13 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-M10 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-M21 (contamination 
screened) (B) [D] 
           
Dehalococcoidia bacterium SCGC AG-205-P14 (contamination 
screened) (B) [D] 
    unclassified unclassified unclassified unclassified Chloroflexi bacterium GWC2_70_10 (B) [D] 
       Chloroflexi bacterium GWC2_73_18 (B) [D] 
           Chloroflexi bacterium RBG_16_64_32 (B) [D] 
           Chloroflexi bacterium RBG_16_69_14 (B) [D] 
           Chloroflexi bacterium RBG_16_70_13 (B) [D] 
           Chloroflexi bacterium RBG_19FT_COMBO_55_16 (B) [D] 
           Chloroflexi bacterium RIFCSPLOWO2_02_FULL_71_16 (B) [P] 
           Chloroflexi bacterium RIFCSPLOWO2_12_FULL_71_12 (B) [P] 
  Elusimicrobia unclassified unclassified unclassified unclassified Elusimicrobia bacterium RIFCSPHIGHO2_02_FULL_39_36 (B) [P] 
      Elusimicrobia bacterium RIFCSPHIGHO2_02_FULL_57_9 (B) [P] 
           Elusimicrobia bacterium RIFCSPLOWO2_01_FULL_54_10 (B) [P] 
           Elusimicrobia bacterium RIFCSPLOWO2_01_FULL_59_12 (B) [P] 
           Elusimicrobia bacterium RIFCSPLOWO2_02_FULL_39_32 (B) [P] 
           Elusimicrobia bacterium RIFCSPLOWO2_12_FULL_39_28 (B) [P] 
           Elusimicrobia bacterium RIFCSPLOWO2_12_FULL_59_9 (B) [P] 
  Firmicutes Clostridia Clostridiales unclassified unclassified Clostridiales bacterium PH28_bin88 (B) [D] 
  Lentisphaerae unclassified unclassified unclassified unclassified Lentisphaerae bacterium RIFOXYA12_64_32 (B) [P] 
      Lentisphaerae bacterium RIFOXYB12_FULL_65_16 (B) [P] 
  Nitrospinae Nitrospinia Nitrospinales Nitrospinaceae Nitrospina Nitrospina sp. AB-629-B18 - v2 (unscreened) (B) [D] 
      Nitrospina sp. JGI CrystG Aug3-1-C8 (unscreened) (B) [D] 
           Nitrospina sp. SCGC_AAA799_A02 (B) [D] 
           Nitrospina sp. SCGC_AAA799_C22 (B) [D] 
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           Nitrospina bacterium JGI 01_F9 (contamination screened) (B) [D] 
           unclassified Nitrospina Bin 25 (B) [D] 
    unclassified unclassified unclassified unclassified Nitrospinae bacterium RIFCSPHIGHO2_02_39_11 (B) [P] 
       Nitrospinae bacterium RIFCSPHIGHO2_12_FULL_39_42 (B) [P] 
           Nitrospinae bacterium RIFCSPLOWO2_01_FULL_39_10 (B) [P] 
           Nitrospinae bacterium RIFCSPLOWO2_12_39_15 (B) [P] 
           Nitrospinae bacterium RIFCSPLOWO2_12_FULL_45_22 (B) [P] 
  Nitrospirae Nitrospira Nitrospirales Nitrospiraceae 
Candidatus 
Magnetobacterium 
Candidatus Magnetobacterium bavaricum TM-1 (B) [D] 
      Candidatus Magnetobacterium casensis MYR-1 (B) [P] 
          
Candidatus 
Magnetoovum 
Candidatus Magnetoovum chiemensis CS-04 (B) [D] 
          Nitrospira Candidatus Nitrospira inopinata ENR4 (B) [D] 
          Candidatus Nitrospira nitrificans COMA2 (B) [D] 
           Candidatus Nitrospira nitrosa COMA1 (B) [D] 
           Nitrospira defluvii (B) [F] 
           Nitrospira marina Nb-295 (B) [D] 
           Nitrospira moscoviensis NSP M-1 (B) [D] 
      unclassified unclassified unclassified Uncultured Nitrospira genome (B) [P] 
    unclassified unclassified unclassified unclassified Nitrospirae bacterium HCH-1 (B) [D] 
       Nitrospirae bacterium JdFR-87 (B) [P] 
           Nitrospirae bacterium JdFR-88 (B) [P] 
           Nitrospirae bacterium RBG_16_64_22 (B) [D] 
           Nitrospirae bacterium RIFCSPLOWO2_12_FULL_63_8 (B) [P] 
  Omnitrophica unclassified unclassified unclassified unclassified 
Omnitrophica bacterium SCGC AAA011-L16 (contamination screened) 
(B) [P] 
  Planctomycetes Planctomycetia Candidatus Brocadiales Candidatus Brocadiaceae Candidatus Brocadia 
Candidatus Brocadia fulgida Brocadia fulgida enrichment bioreactor (B) 
[D] 
      Candidatus Brocadia sapporoensis 40 (B) [D] 
           Candidatus Brocadia sinica JPN1 (B) [D] 
          Candidatus Jettenia Planctomycetaceae bacterium KSU-1 (B) [P] 
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          Candidatus Kuenenia Candidatus Kuenenia stuttgartiensis (B) [P] 
          Candidatus Kuenenia stuttgartiensis CH1 (B) [P] 
           Candidatus Kuenenia stuttgartiensis RU1 (B) [P] 
      unclassified unclassified unclassified Planctomycetia bacterium EBPR_Bin_174 (B) [P] 
    unclassified unclassified unclassified unclassified Planctomycetes bacterium GWA2_40_7 (B) [P] 
       Planctomycetes bacterium GWE2_41_14 (B) [P] 
           Planctomycetes bacterium RBG_16_43_13 (B) [D] 
           Planctomycetes bacterium RBG_16_64_12 (B) [D] 
           Planctomycetes bacterium RIFCSPHIGHO2_02_FULL_40_12 (B) [P] 
           Planctomycetes bacterium RIFCSPHIGHO2_02_FULL_50_42 (B) [P] 
           Planctomycetes bacterium RIFCSPHIGHO2_02_FULL_52_58 (B) [P] 
           Planctomycetes bacterium RIFCSPHIGHO2_12_42_15 (B) [P] 
           Planctomycetes bacterium RIFCSPHIGHO2_12_FULL_51_37 (B) [P] 
           Planctomycetes bacterium RIFCSPHIGHO2_12_FULL_52_36 (B) [P] 
           Planctomycetes bacterium RIFCSPLOWO2_12_FULL_40_19 (B) [P] 
           Planctomycetes bacterium RIFOXYB12_FULL_42_10 (B) [P] 
           Planctomycetes bacterium RIFOXYC2_FULL_41_27 (B) [P] 
           Planctomycetes bacterium RIFOXYD12_FULL_42_12 (B) [P] 
  Proteobacteria Acidithiobacillia Acidithiobacillales Acidithiobacillaceae Acidithiobacillus Acidithiobacillus caldus ATCC 51756 (B) [P] 
      Acidithiobacillus caldus SM-1 (B) [F] 
           Acidithiobacillus ferrooxidans DLC-5 (B) [P] 
           Acidithiobacillus thiooxidans A01 (B) [P] 
           Acidithiobacillus thiooxidans Licanantay (B) [D] 
    Alphaproteobacteria Rhodobacterales Rhodobacteraceae Citreicella Citreicella sp. SE45 (B) [P] 
          Rhodovulum Rhodovulum imhoffii DSM 18064 (B) [D] 
          Rhodovulum sulfidophilum DSM 1374 (B) [D] 
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           Rhodovulum sulfidophilum DSM 1374 (B) [D] 
           Rhodovulum sulfidophilum DSM 2351 (B) [D] 
           Rhodovulum sulfidophilum TUT (B) [D] 
          Sagittula Sagittula stellata E-37 (B) [P] 
          Salipiger Salipiger thiooxidans DSM 10146 (B) [D] 
          Tropicimonas Tropicimonas isoalkanivorans DSM 19548 (B) [D] 
      Rhodospirillales Rhodospirillaceae Azospirillum Azospirillum sp. TTI (B) [D] 
          Rhodospira Rhodospira trueperi ATCC 700224 (B) [D] 
        unclassified unclassified Rhodospirillales bacterium RIFCSPLOWO2_12_FULL_67_15 (B) [P] 
    Betaproteobacteria Burkholderiales Comamonadaceae Alicycliphilus Alicycliphilus denitrificans BC (B) [F] 
          Diaphorobacter Diaphorobacter sp. J5-51 (B) [D] 
        unclassified Ideonella Ideonella dechloratans Anox B, ATCC 51718 (B) [P] 
      Nitrosomonadales Thiobacillaceae Thiobacillus Thiobacillus sp. GWE1_62_9 (B) [P] 
      Rhodocyclales Azonexaceae Dechloromonas Dechloromonas aromatica RCB (B) [F] 
        Rhodocyclaceae Aromatoleum Aromatoleum aromaticum EbN1 (B) [F] 
          Azospira Azospira oryzae PS (B) [F] 
          Azospira sp. KJ (B) [D] 
           Azospira sp. ZAP (B) [P] 
          Dechlorobacter Dechlorobacter hydrogenophilus LT-1 (B) [P] 
          Propionivibrio Propionivibrio militaris MP (B) [D] 
        Zoogloeaceae Azoarcus Azoarcus toluclasticus ATCC 700605 (B) [P] 
          Thauera Thauera terpenica 58Eu (B) [P] 
        unclassified unclassified Rhodocyclales bacterium RIFCSPLOWO2_02_FULL_63_24 (B) [P] 
      unclassified unclassified unclassified Betaproteobacteria bacterium RBG_16_66_20 (B) [D] 
        
Betaproteobacteria bacterium RIFCSPLOWO2_12_FULL_62_58 (B) 
[P] 
           
Betaproteobacteria bacterium RIFCSPLOWO2_12_FULL_68_20 (B) 
[P] 
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Betaproteobacteria bacterium JGI_MCM14ME238 (contamination 
screened) (B) [D] 
    
Candidatus 
Muproteobacteria 
unclassified unclassified unclassified Candidatus Muproteobacteria bacterium RBG_16_64_10 (B) [D] 
       
Candidatus Muproteobacteria bacterium RIFCSPHIGHO2_01_60_12 
(B) [P] 
           
Candidatus Muproteobacteria bacterium 
RIFCSPHIGHO2_02_FULL_60_13 (B) [P] 
           
Candidatus Muproteobacteria bacterium 
RIFCSPLOWO2_01_FULL_60_18 (B) [P] 
    Deltaproteobacteria Desulfobacterales Desulfobacteraceae Desulfococcus Desulfococcus oleovorans Hxd3 (B) [F] 
      Desulfuromonadales Geobacteraceae Geobacter Geobacter pickeringii G13 (B) [D] 
        Geobacter pickeringii G13 (B) [F] 
      unclassified unclassified unclassified Deltaproteobacteria bacterium GWA2_38_16 (B) [P] 
        Deltaproteobacteria bacterium GWA2_45_12 (B) [P] 
           Deltaproteobacteria bacterium GWC2_42_11 (B) [D] 
           Deltaproteobacteria bacterium GWD2_55_8 (B) [P] 
           Deltaproteobacteria bacterium RBG_16_55_12 (B) [D] 
           Deltaproteobacteria bacterium RBG_16_64_85 (B) [D] 
           Deltaproteobacteria bacterium RBG_16_71_12 (B) [D] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_01_FULL_43_49 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_02_FULL_38_15 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_02_FULL_44_16 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_02_FULL_44_53 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_02_FULL_60_17 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_12_FULL_44_21 (B) 
[P] 
           Deltaproteobacteria bacterium RIFCSPLOWO2_01_44_7 (B) [P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_01_FULL_38_9 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_01_FULL_42_9 (B) 
[P] 
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Deltaproteobacteria bacterium RIFCSPLOWO2_01_FULL_45_74 (B) 
[P] 
           Deltaproteobacteria bacterium RIFCSPLOWO2_02_56_12 (B) [P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_44_10 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_44_34 (B) 
[P] 
           Deltaproteobacteria bacterium RIFCSPLOWO2_12_55_13 (B) [P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_12_FULL_38_8 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_12_FULL_44_12 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_12_FULL_57_22 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_12_FULL_60_19 (B) 
[P] 
           Deltaproteobacteria bacterium RIFOXYA2_FULL_55_11 (B) [P] 
           
SAR324 cluster deltaproteobacterium SCGC AD-606_P02 
(contamination screened) (B) [D] 
    
Epsilonproteobacteri
a 
Campylobacterales Campylobacteraceae Sulfurospirillum Sulfurospirillum arcachonense DSM 9755 (B) [P] 
       Sulfurospirillum multivorans DSM 12446 (B) [F] 
           Sulfurospirillum sp. Am-N (B) [P] 
           Sulfurospirillum sp. UCH001 (B) [D] 
        Helicobacteraceae Sulfuricurvum Sulfuricurvum sp. RIFRC-1 (B) [D] 
         Sulfuricurvum kujiense YK-1, DSM 16994 (B) [F] 
           Sulfuricurvum sp. GWF2_44_89 (B) [D] 
           Sulfuricurvum sp. RIFCSPHIGHO2_02_FULL_43_9 (B) [P] 
           Sulfuricurvum sp. RIFCSPHIGHO2_12_FULL_44_8 (B) [P] 
           Sulfuricurvum sp. RIFCSPLOWO2_02_43_6 (B) [P] 
           Sulfuricurvum sp. RIFCSPLOWO2_12_43_5 (B) [P] 
           Sulfuricurvum sp. RIFCSPLOWO2_12_FULL_43_24 (B) [P] 
           Sulfuricurvum sp. RIFOXYD12_FULL_44_77 (B) [P] 
           Sulfuricurvum sp. RIFOXYD2_FULL_44_160 (B) [P] 
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          Sulfurimonas Sulfurimonas sp. GWF2_37_8 (B) [D] 
          Thiovulum Thiovulum sp. ES (unscreened) (B) [P] 
        unclassified Hydrogenimonas Hydrogenimonas thermophila EP1-55-1 (B) [D] 
      unclassified unclassified Nitratiruptor Nitratiruptor sp. SB155-2 (B) [F] 
        Nitratiruptor tergarcus DSM 16512 (B) [P] 
          Sulfurovum Sulfurovum sp. G1 (B) [P] 
    
Gammaproteobacteri
a 
Alteromonadales Shewanellaceae Shewanella Shewanella algae ACDC (B) [P] 
      Chromatiales Chromatiaceae Thiorhodococcus Thiorhodococcus drewsii AZ1 (B) [P] 
        Ectothiorhodospiraceae Thioalkalivibrio Thioalkalivibrio nitratireducens DSM 14787 (B) [F] 
         Thioalkalivibrio sp. ALD1 (B) [P] 
           Thioalkalivibrio sp. ALJ10 (B) [P] 
           Thioalkalivibrio sp. ALJ3 (B) [P] 
           Thioalkalivibrio sp. ARh3 (AllPaths Assembly) (B) [P] 
           Thioalkalivibrio sp. ARh5 (B) [P] 
           Thioalkalivibrio thiocyanodenitrificans ARhD 1 (B) [P] 
           Thioalkalivibrio thiocyanoxidans ARh2 (B) [P] 
          Thiohalomonas Thiohalomonas denitrificans HLD2 (B) [P] 
      Oceanospirillales Halomonadaceae Halomonas Halomonas halodenitrificans DSM 735 (B) [P] 
        Halomonas jeotgali Hwa (B) [P] 
           Halomonas saccharevitans CGMCC 1.6493 (B) [D] 
           Halomonas sp. PR-M31 (B) [D] 
        Oceanospirillaceae Marinobacterium Marinobacterium halophilum DSM 17586 (B) [D] 
          Marinospirillum Marinospirillum minutulum DSM 6287 (B) [P] 
      Pseudomonadales Pseudomonadaceae Pseudomonas Pseudomonas borbori LMG 23199 (B) [D] 
        Pseudomonas chloritidismutans AW-1 (B) [D] 
           Pseudomonas litoralis CECT 7670 (B) [D] 
           Pseudomonas sp. PDA (B) [D] 
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           Pseudomonas sp. PK (B) [P] 
           Pseudomonas stutzeri ASK-1 (B) [D] 
      Thiotrichales Thiotrichaceae Beggiatoa Beggiatoa sp. Orange Guaymas (B) [P] 
        Isolated Sinkhole 2014 Bin 2 (B) [D] 
          Thiomargarita Thiomargarita sp. Thio36 (unscreened) (B) [P] 
          Thioploca Thioploca ingrica (B) [D] 
      unclassified unclassified Dechloromarinus Dechloromarinus chlorophilus NSS (B) [P] 
          Sedimenticola Sedimenticola selenatireducens DSM 17993 (B) [P] 
          unclassified 
Gammaproteobacteria bacterium RIFCSPLOWO2_02_FULL_61_13 
(B) [P] 
          
Gammaproteobacteria bacterium RIFCSPLOWO2_12_FULL_52_10 
(B) [P] 
           
Gammaproteobacteria bacterium SCGC AC-312_G03 - v2 
(contamination screened) (B) [D] 
           
Gammaproteobacteria bacterium SCGC AC-312_G03 - v2 (unscreened) 
(B) [D] 
           
Gammaproteobacteria bacterium SCGC AC-337_M13v2 
(contamination screened) (B) [D] 
           
Gammaproteobacteria bacterium SCGC AC-337_M13v2 (unscreened) 
(B) [D] 
           
Gammaproteobacteria bacterium SCGC AC-337_P08v2 (contamination 
screened) (B) [D] 
           
Gammaproteobacteria bacterium SCGC AC-337_P08v2 (unscreened) 
(B) [D] 
           Candidatus Thiosymbion algarvensis (OalgG1) (B) [P] 
           Cyano_bin9_Gammaproteobacteria (B) [P] 
           
Gamma proteobacterium SCGC AD-604-A10 (contamination screened) 
(B) [D] 
           Unclassified gammaproteobacterium REDSEA-S03_B5 (B) [D] 
           Unclassified gammaproteobacterium REDSEA-S12_B4 (B) [D] 
           
SUP05 cluster gammaproteobacterium SCGC AG-487_B03 
(contamination screened) (B) [D] 
           
SUP05 cluster gammaproteobacterium SCGC AG-487_I11 
(contamination screened) (B) [D] 
    Oligoflexia Bacteriovoracales Bacteriovoracaceae unclassified Bacteriovoracaceae bacterium EBPR_Bin_340 (B) [P] 
      Bdellovibrionales unclassified unclassified Bdellovibrionales bacterium bin_V90401B2 (B) [D] 
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        Bdellovibrionales bacterium bin_V91412B3 (B) [D] 
           Bdellovibrionales bacterium bin_V92810B3 (B) [D] 
    Zetaproteobacteria unclassified unclassified unclassified zeta proteobacterium SCGC AB-604_O11 (unscreened) (B) [P] 
    unclassified unclassified unclassified unclassified 
Composite genome from Lake Mendota Epilimnion pan-assembly 
MEint.metabat.9104 (B) [P] 
  Spirochaetes Spirochaetia unclassified Leptospiraceae Leptonema Leptonema sp. EBPR_Bin_440 (B) [P] 
  
candidate division 
NC10 
unclassified unclassified unclassified 
Candidatus 
Methylomirabilis 
Candidatus Methylomirabilis oxyfera sp. Australia (B) [D] 
          unclassified 
candidate division NC10 bacterium RIFCSPLOWO2_02_FULL_66_22 
(B) [P] 
          
candidate division NC10 bacterium RIFCSPLOWO2_12_FULL_66_18 
(B) [P] 
  
candidate division 
Zixibacteria 
unclassified unclassified unclassified unclassified 
candidate division Zixibacteria bacterium RBG_19FT_COMBO_42_43 
(B) [D] 
  unclassified unclassified unclassified unclassified unclassified Parcubacteria bacterium GW2011_GWF2_38_8 (B) [D] 
      GAL08 bacterium JGI MDM2 DC4-3-K12 (contamination screened) 
(B) [D] 
           
GAL08 bacterium JGI MDM2 DC4-3-M14 (contamination screened) 
(B) [D] 
           
GAL08 bacterium JGI MDM2-000218CP-D6 (contamination screened) 
(B) [D] 
           
unclassified bacterium SCGC AG-485_J08 (contamination screened) 
(B) [D] 
       
Cytoplasmic Nitrobacter nxrB      
Domain Phylum Class Order Family Genus Species 
Archaea Crenarchaeota Thermoprotei Sulfolobales Sulfolobaceae Metallosphaera Metallosphaera yellowstonensis MK1 (A) [P] 
      Thermoproteales Thermoproteaceae Vulcanisaeta Vulcanisaeta distributa DSM 14429 (A) [F] 
          unclassified Thermoproteales-Type-1-TT1-r02 (A) [D] 
        unclassified unclassified Thermoproteales Type I (A) [P] 
  Euryarchaeota Archaeoglobi Archaeoglobales Archaeoglobaceae Archaeoglobus Archaeoglobus sp. JdFR-37 (A) [P] 
          Ferroglobus Ferroglobus placidus AEDII12DO, DSM 10642 (A) [F] 
      unclassified unclassified unclassified Archaeoglobi archaeon JdFR-42 (A) [P] 
    unclassified unclassified unclassified unclassified Candidatus Hydrothermarchaeota archaeon JdFR-17 (A) [P] 
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Bacteria Acidobacteria Holophagae Holophagales Holophagaceae Geothrix Geothrix fermentans DSM 14018 (B) [P] 
    unclassified unclassified unclassified unclassified Acidobacteria bacterium RIFCSPLOWO2_02_FULL_60_20 (B) [P] 
       Acidobacteria bacterium RIFCSPLOWO2_02_FULL_67_36 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_12_FULL_66_21 (B) [P] 
           Acidobacteria bacterium RIFCSPLOWO2_12_FULL_67_14 (B) [P] 
  Actinobacteria Rubrobacteria Rubrobacterales Rubrobacteraceae Rubrobacter Rubrobacter radiotolerans DSM 5868 (B) [F] 
      Rubrobacter radiotolerans RSPS-4 (B) [F] 
  Bacteroidetes Bacteroidia Marinilabiliales Marinilabiliaceae Saccharicrinis Saccharicrinis carchari DSM 27040 (B) [D] 
    Cytophagia Cytophagales Cyclobacteriaceae Algoriphagus Algoriphagus alkaliphilus DSM 22703 (B) [P] 
        unclassified unclassified Cytophagales bacterium EBPR_Bin_339 (B) [P] 
      unclassified unclassified unclassified 
Cytophagales bacterium SCGC AD-604-O10 (contamination screened) 
(B) [D] 
    Flavobacteriia Flavobacteriales Flavobacteriaceae Arenibacter Arenibacter algicola TG409 (B) [P] 
    unclassified unclassified unclassified unclassified Bacteroidetes bacterium GWA2_30_7 (B) [P] 
       Bacteroidetes bacterium GWA2_31_9 (B) [P] 
           Bacteroidetes bacterium GWF2_41_31 (B) [D] 
           Bacteroidetes bacterium RIFCSPLOWO2_12_FULL_37_12 (B) [P] 
           
Bacteroidetes bacterium SCGC AD-615-C03 (contamination screened) 
(B) [D] 
           
Bacteroidetes bacterium SCGC AD-615-D11 (contamination screened) 
(B) [D] 
           
Bacteroidetes bacterium SCGC AD-615-J06 (contamination screened) 
(B) [D] 
           unclassified Bacteroidetes Bin 41 (B) [D] 
  
Candidatus 
Glassbacteria 
unclassified unclassified unclassified unclassified 
Candidatus Glassbacteria bacterium RIFCSPLOWO2_12_FULL_58_11 
(B) [P] 
  
Candidatus 
Marinimicrobia 
unclassified unclassified unclassified unclassified Marine Group A AB-746_N13AB-902 (unscreened) (B) [D] 
      Marinimicrobia bacterium SCGC AD-606-A07 (contamination 
screened) (B) [D] 
           
Marinimicrobia bacterium SCGC AD-615-E22 (contamination 
screened) (B) [D] 
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Candidatus 
Melainabacteria 
unclassified unclassified unclassified unclassified 
Candidatus Melainabacteria bacterium 
RIFCSPLOWO2_02_FULL_35_15 (B) [P] 
      Candidatus Melainabacteria bacterium 
RIFCSPLOWO2_12_FULL_35_11 (B) [P] 
  
Candidatus 
Omnitrophica 
unclassified unclassified unclassified unclassified Omnitrophica WOR_2 bacterium GWA2_45_18 (B) [P] 
      Omnitrophica bacterium RIFCSPHIGHO2_02_FULL_45_28 (B) [P] 
           Omnitrophica bacterium RIFCSPLOWO2_12_FULL_44_17 (B) [P] 
           Omnitrophica bacterium RIFOXYB12_FULL_50_7 (B) [P] 
  Chloroflexi Thermomicrobia Sphaerobacterales Sphaerobacteraceae Nitrolancea Nitrolancea hollandica Lb (B) [P] 
    unclassified unclassified unclassified unclassified Chloroflexi bacterium GWB2_54_36 (B) [D] 
       Chloroflexi bacterium RBG_16_56_11 (B) [D] 
           Chloroflexi bacterium RBG_16_60_22 (B) [D] 
  Chrysiogenetes Chrysiogenetes Chrysiogenales Chrysiogenaceae Chrysiogenes Chrysiogenes arsenatis DSM 11915 (B) [P] 
          Desulfurispirillum Desulfurispirillum indicum S5, DSM 22839 (B) [F] 
  Cyanobacteria Melainabacteria Obscuribacterales Obscuribacteriaceae Obscuribacter Obscuribacter phosphatis EBPR_351 (B) [D] 
  Deferribacteres Deferribacteres Deferribacterales Deferribacteraceae Deferribacter Deferribacter desulfuricans SSM1 (B) [F] 
          Denitrovibrio Denitrovibrio acetiphilus N2460, DSM 12809 (B) [F] 
          Seleniivibrio Seleniivibrio woodruffii S4 (B) [D] 
  
Deinococcus-
Thermus 
Deinococci Thermales Thermaceae Marinithermus Marinithermus hydrothermalis T1, DSM 14884 (B) [F] 
          Meiothermus Meiothermus chliarophilus ALT-8, DSM 9957 (B) [P] 
          Meiothermus silvanus VI-R2, DSM 9946 (B) [F] 
           Meiothermus timidus DSM 17022 (B) [P] 
          Oceanithermus Oceanithermus profundus 506, DSM 14977 (B) [F] 
          Thermus Thermus amyloliquefaciens YIM 77409 (B) [P] 
          Thermus antranikianii DSM 12462 (B) [P] 
           Thermus arciformis CGMCC 1.6992 (B) [D] 
           Thermus brockianus (B) [P] 
           Thermus igniterrae ATCC 700962 (B) [P] 
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           Thermus oshimai DSM 12092 (B) [P] 
           Thermus oshimai JL-2 (B) [F] 
           Thermus parvatiensis RLM (B) [P] 
           Thermus scotoductus DSM 8553 (B) [P] 
           Thermus scotoductus SA-01, ATCC 700910 (B) [F] 
           Thermus sp. 2.9 (B) [D] 
           Thermus sp. NMX2.A1 (B) [P] 
           Thermus tengchongensis YIM 77401 (B) [P] 
           Thermus thermophilus JL-18 (B) [F] 
           Thermus thermophilus SG0.5JP17-16 (B) [F] 
  Elusimicrobia unclassified unclassified unclassified unclassified Elusimicrobia bacterium GWA2_66_18 (B) [P] 
      Elusimicrobia bacterium GWC2_65_9 (B) [D] 
  Firmicutes Bacilli Bacillales Alicyclobacillaceae Alicyclobacillus Alicyclobacillus macrosporangiidus DSM 17980 (B) [D] 
        Bacillaceae Anoxybacillus Anoxybacillus flavithermus B4168 (B) [D] 
          Bacillus Bacillus aidingensis DSM 18341 (B) [P] 
          Bacillus azotoformans LMG 9581 (B) [P] 
           Bacillus bombysepticus Wang (B) [D] 
           Bacillus cereus 6/27/S (B) [D] 
           Bacillus cereus A1 (B) [F] 
           Bacillus cereus AND1407 (B) [P] 
           Bacillus cereus B4158 (B) [D] 
           Bacillus cereus BAG2X1-2 (B) [P] 
           Bacillus cereus BAG3O-1 (B) [P] 
           Bacillus cereus BAG3O-2 (B) [P] 
           Bacillus cereus BAG3X2-2 (B) [P] 
           Bacillus cereus BAG4O-1 (B) [P] 
           Bacillus cereus BAG4X12-1 (B) [P] 
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           Bacillus cereus BAG5X12-1 (B) [P] 
           Bacillus cereus BAG6X1-1 (B) [P] 
           Bacillus cereus BMG1.7 (B) [P] 
           Bacillus cereus BcFL2013 (B) [P] 
           Bacillus cereus E33L (ZK) (B) [F] 
           Bacillus cereus FM1 (B) [D] 
           Bacillus cereus HD73 (B) [P] 
           Bacillus cereus HuA2-9 (B) [P] 
           Bacillus cereus HuA3-9 (B) [P] 
           Bacillus cereus HuB13-1 (B) [P] 
           Bacillus cereus HuB5-5 (B) [P] 
           Bacillus cereus IS075 (B) [P] 
           Bacillus cereus IS195 (B) [P] 
           Bacillus cereus IS845/00 (B) [P] 
           Bacillus cereus ISP2954 (B) [P] 
           Bacillus cereus MSX-A12 (B) [P] 
           Bacillus cereus RCH_BC1 (B) [P] 
           Bacillus cereus RIVM BC 934 (B) [D] 
           Bacillus cereus Rock4-18 (B) [P] 
           Bacillus cereus VD045 (B) [P] 
           Bacillus cereus VD102 (B) [P] 
           Bacillus cereus VD107 (B) [P] 
           Bacillus cereus VD133 (B) [P] 
           Bacillus cereus VD136 (B) [P] 
           Bacillus cereus VD140 (B) [P] 
           Bacillus cereus VD184 (B) [P] 
           Bacillus cereus VD196 (B) [P] 
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           Bacillus cereus VDM006 (B) [P] 
           Bacillus cereus VDM021 (B) [P] 
           Bacillus coagulans B4096 (B) [D] 
           Bacillus coagulans B4099 (B) [D] 
           Bacillus coagulans B4100 (B) [D] 
           Bacillus coagulans H-1 (B) [P] 
           Bacillus dielmoensis FF4 (B) [D] 
           Bacillus drentensis NBRC 102427 (B) [D] 
           Bacillus ginsengihumi J57 (B) [P] 
           Bacillus mycoides BHP (B) [D] 
           Bacillus mycoides Flugge 10206 (B) [D] 
           Bacillus soli NBRC 102451 (B) [D] 
           Bacillus sp. 103MF (B) [D] 
           Bacillus sp. 105MF (B) [P] 
           Bacillus sp. 123MFChir2 (B) [P] 
           Bacillus sp. 491MF (B) [D] 
           Bacillus sp. 71MF (B) [D] 
           Bacillus sp. 7_6_55CFAA_CT2 (B) [P] 
           Bacillus sp. JH7 (B) [D] 
           Bacillus sp. JKS001846 (B) [D] 
           Bacillus sp. OV166 (B) [D] 
           Bacillus sp. UNC322MFChir4.1 (B) [P] 
           Bacillus sp. UNC41MFS5 (B) [P] 
           Bacillus thuringiensis AK47 (B) [D] 
           Bacillus thuringiensis Al Hakam (B) [F] 
           Bacillus thuringiensis BMB3201 (B) [D] 
           Bacillus thuringiensis BR37 (B) [D] 
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           Bacillus thuringiensis Bc601 (B) [D] 
           Bacillus thuringiensis GOE06 (B) [D] 
           Bacillus thuringiensis GOE1 (B) [D] 
           Bacillus thuringiensis GOE2 (B) [D] 
           Bacillus thuringiensis GOE3 (B) [D] 
           Bacillus thuringiensis GOE4 (B) [D] 
           Bacillus thuringiensis NBIN-866 (B) [D] 
           Bacillus thuringiensis YC-10 (B) [D] 
           Bacillus thuringiensis YWC2-8 (B) [D] 
           Bacillus thuringiensis sv. Indiana HD521 (B) [D] 
           Bacillus thuringiensis sv. Kurstaki HD 1 (B) [D] 
           Bacillus thuringiensis sv. aizawai Hu4-2 (B) [P] 
           Bacillus thuringiensis sv. aizawai Leapi01 (B) [P] 
           Bacillus thuringiensis sv. galleriae 4G5 (B) [D] 
           Bacillus thuringiensis sv. kurstaki HD-1 (B) [D] 
           Bacillus thuringiensis sv. kurstaki HD-1 (B) [F] 
           Bacillus thuringiensis sv. kurstaki HD73 (B) [F] 
           Bacillus thuringiensis sv. kurstaki YBT-1520 (B) [F] 
           Bacillus thuringiensis sv. kurstaki YBT-1520 (B) [F] 
           Bacillus thuringiensis sv. mexicanensis 27 (B) [D] 
          Geobacillus Geobacillus sp. JF8 (B) [F] 
          Geobacillus sp. FW23 (B) [P] 
           Geobacillus sp. Y4.1MC1 (B) [F] 
           Geobacillus stearothermophilus 22 (B) [P] 
           Geobacillus stearothermophilus 53 (B) [D] 
           Geobacillus subterraneus KCTC 3922 (B) [D] 
           Geobacillus thermoleovorans B23 (B) [D] 
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           Geobacillus thermoleovorans CCB_US3_UF5 (B) [F] 
          Gracilibacillus Gracilibacillus ureilyticus CGMCC 1.7727 (B) [D] 
          Lentibacillus Lentibacillus amyloliquefaciens LAM0015 (B) [D] 
          Lentibacillus jeotgali Grbi (B) [P] 
           Lentibacillus juripiscarius JCM 12147 (B) [D] 
           Lentibacillus persicus DSM 22530 (B) [D] 
          Numidum Numidum massiliense mt3 (B) [D] 
          Parageobacillus Parageobacillus thermoglucosidans TNO-09.020 (B) [P] 
          Parageobacillus thermoglucosidasius C56-YS93 (B) [F] 
           Parageobacillus thermoglucosidasius DSM 2542 (B) [D] 
           Parageobacillus thermoglucosidasius DSM 2542 (B) [D] 
           Parageobacillus thermoglucosidasius M10EXG (B) [P] 
           Parageobacillus thermoglucosidasius NBRC 107763 (B) [P] 
           Parageobacillus thermoglucosidasius NCIMB 11955 (B) [D] 
           Parageobacillus thermoglucosidasius TM242 (B) [D] 
           Parageobacillus thermoglucosidasius YU (B) [P] 
          Tepidibacillus Tepidibacillus decaturensis Z9 (B) [D] 
          Virgibacillus Virgibacillus alimentarius J18T (B) [D] 
          Virgibacillus salinus CGMCC 1.10449 (B) [D] 
           Virgibacillus subterraneus CGMCC 1.7734 (B) [D] 
        Paenibacillaceae Aneurinibacillus Aneurinibacillus terranovensis DSM 18919 (B) [P] 
          Cohnella Cohnella sp. SGD-V74 (B) [D] 
          Fontibacillus Fontibacillus panacisegetis DSM 28129 (B) [D] 
          Paenibacillus Paenibacillus amylolyticus Heshi-A3 (B) [D] 
          Paenibacillus ginsengihumi DSM 21568 (B) [P] 
           Paenibacillus pabuli NBRC 13638 (B) [D] 
           Paenibacillus polysaccharolyticus BL9 (B) [D] 
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           Paenibacillus sp. Root52 (B) [D] 
        Thermoactinomycetaceae Melghirimyces Melghirimyces thermohalophilus DSM 45514 (B) [D] 
  Ignavibacteriae Ignavibacteria unclassified unclassified unclassified Ignavibacteria bacterium GWA2_36_19 (B) [P] 
      Ignavibacteria bacterium GWC2_35_8 (B) [D] 
           Ignavibacteria bacterium GWF2_35_20 (B) [D] 
           Ignavibacteria bacterium RBG_16_34_14 (B) [D] 
           Ignavibacteria bacterium RIFOXYA12_FULL_35_25 (B) [P] 
           Ignavibacteria bacterium RIFOXYA2_FULL_35_9 (B) [P] 
           Ignavibacteria bacterium RIFOXYB12_FULL_35_14 (B) [P] 
           Ignavibacteria bacterium RIFOXYB2_FULL_35_12 (B) [P] 
           Ignavibacteria bacterium RIFOXYC12_FULL_35_11 (B) [P] 
           Ignavibacteria bacterium RIFOXYC2_FULL_35_16 (B) [P] 
           Ignavibacteria bacterium RIFOXYD12_FULL_36_8 (B) [P] 
  Nitrospirae unclassified unclassified unclassified unclassified Nitrospirae bacterium RBG_19FT_COMBO_42_15 (B) [D] 
      Nitrospirae bacterium RIFCSPHIGHO2_02_FULL_42_12 (B) [P] 
  Omnitrophica unclassified unclassified unclassified 
Candidatus 
Omnitrophus 
Candidatus Omnitrophus fodinae SCGC AAA011-A17 (contamination 
screened) (B) [P] 
  Planctomycetes unclassified unclassified unclassified unclassified Planctomycetes bacterium RBG_16_64_10 (B) [D] 
  Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Bosea Bosea sp. Leaf344 (B) [D] 
      Bosea sp. OK403 (B) [D] 
           Bosea sp. RAC05 (B) [D] 
          Nitrobacter Nitrobacter hamburgensis X14 (B) [F] 
          Nitrobacter sp. Nb-311A (B) [P] 
           Nitrobacter winogradskyi Nb-255 (B) [F] 
        Hyphomicrobiaceae Filomicrobium Candidatus Filomicrobium marinum W (B) [D] 
         Candidatus Filomicrobium marinum Y (B) [D] 
        unclassified unclassified Rhizobiales sp. genome_bin_47 (B) [D] 
      Rhodospirillales Acetobacteraceae Roseomonas Roseomonas lacus DSM 19439 (B) [P] 
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      Rickettsiales unclassified unclassified Rickettsiales bacterium EBPR_Bin_124 (B) [P] 
    Betaproteobacteria Burkholderiales Comamonadaceae Brachymonas Brachymonas denitrificans DSM 15123 (B) [D] 
          Variovorax Variovorax paradoxus 295MFChir4.1 (B) [D] 
          Variovorax paradoxus 349MFTsu5.1 (B) [D] 
           Variovorax paradoxus 369MFTsu5.1 (B) [D] 
           Variovorax paradoxus 4MFCol3.1 (B) [P] 
           Variovorax paradoxus CL14 (B) [D] 
           Variovorax paradoxus NBRC 15149 (B) [D] 
        Oxalobacteraceae Herbaspirillum Herbaspirillum seropedicae AU14040 (B) [D] 
         Herbaspirillum seropedicae SmR1 (B) [F] 
           Herbaspirillum seropedicae Z67 (B) [D] 
           Herbaspirillum sp. RV1423 (B) [D] 
          Herminiimonas Herminiimonas arsenicoxydans ULPAs1 (B) [F] 
          Massilia Massilia sp. Root133 (B) [D] 
          Massilia sp. Root1485 (B) [D] 
        unclassified unclassified Burkholderiales bacterium RIFCSPLOWO2_02_FULL_57_36 (B) [P] 
         Burkholderiales bacterium RIFOXYC12_FULL_65_23 (B) [P] 
      Neisseriales Chromobacteriaceae Chitinilyticum Chitinilyticum litopenaei DSM 21440 (B) [P] 
          Leeia Leeia oryzae DSM 17879 (B) [P] 
      Nitrosomonadales Thiobacillaceae Thiobacillus Thiobacillus denitrificans DSM 12475 (B) [P] 
        Thiobacillus denitrificans RG (B) [D] 
           Thiobacillus sp. GWE1_62_9 (B) [P] 
           Thiobacillus thioparus DSM 505 (B) [P] 
           Thiobacillus sp. Bin4_E1B (B) [D] 
      unclassified unclassified unclassified 
Betaproteobacteria bacterium JGI M3C4D3-002-G15 (contamination 
screened) (B) [D] 
        
Betaproteobacteria bacterium JGI M3C4D3-002-I15 (contamination 
screened) (B) [D] 
           
Betaproteobacteria bacterium RIFCSPLOWO2_02_FULL_63_19 (B) 
[P] 
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Betaproteobacteria bacterium RIFCSPLOWO2_02_FULL_65_24 (B) 
[P] 
           
Betaproteobacteria bacterium RIFCSPLOWO2_12_FULL_62_13 (B) 
[P] 
           
Betaproteobacteria bacterium RIFCSPLOWO2_12_FULL_63_13 (B) 
[P] 
           
Betaproteobacteria bacterium RIFCSPLOWO2_12_FULL_66_14 (B) 
[P] 
    
Candidatus 
Muproteobacteria 
unclassified unclassified unclassified 
Candidatus Muproteobacteria bacterium RIFCSPHIGHO2_01_60_12 
(B) [P] 
       
Candidatus Muproteobacteria bacterium 
RIFCSPLOWO2_01_FULL_60_18 (B) [P] 
    Deltaproteobacteria Desulfuromonadales Desulfuromonadaceae Desulfuromonas Desulfuromonas sp. DDH964 (B) [D] 
       Desulfuromonas sp. TF (B) [P] 
          Desulfuromusa Desulfuromusa kysingii DSM 7343 (B) [D] 
          Malonomonas Malonomonas rubra DSM 5091 (B) [P] 
          Pelobacter Pelobacter seleniigenes DSM 18267 (B) [P] 
        Geobacteraceae Geobacter Geobacter argillaceus ATCC BAA-1139 (B) [D] 
         Geobacter lovleyi SZ (B) [F] 
           Geobacter metallireducens GS-15 (B) [F] 
           Geobacter metallireducens RCH3 (B) [D] 
           Geobacter sp. M18 (B) [F] 
           Geobacter sp. OR-1 (B) [D] 
          Geopsychrobacter Geopsychrobacter electrodiphilus DSM 16401 (B) [P] 
          unclassified Geobacteraceae bacterium GWB2_52_12 (B) [D] 
          Geobacteraceae bacterium GWC2_58_44 (B) [D] 
      Myxococcales Anaeromyxobacteraceae Anaeromyxobacter Anaeromyxobacter dehalogenans 2CP-1 (B) [F] 
        Anaeromyxobacter dehalogenans 2CP-C (B) [F] 
           Anaeromyxobacter sp. Fw109-5 (B) [F] 
           Anaeromyxobacter sp. K (B) [F] 
           Anaeromyxobacter sp. PSR-1 (B) [D] 
      unclassified unclassified unclassified Deltaproteobacteria bacterium GWA2_50_8 (B) [P] 
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        Deltaproteobacteria bacterium GWA2_55_82 (B) [P] 
           Deltaproteobacteria bacterium GWB2_55_19 (B) [D] 
           Deltaproteobacteria bacterium GWB2_65_81 (B) [D] 
           Deltaproteobacteria bacterium GWC2_42_51 (B) [D] 
           Deltaproteobacteria bacterium GWC2_65_14 (B) [D] 
           Deltaproteobacteria bacterium GWD2_42_10 (B) [P] 
           Deltaproteobacteria bacterium GWF2_42_12 (B) [D] 
           Deltaproteobacteria bacterium RBG_16_71_12 (B) [D] 
           Deltaproteobacteria bacterium RBG_19FT_COMBO_56_10 (B) [D] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_02_FULL_40_11 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_02_FULL_40_28 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_02_FULL_42_44 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_02_FULL_50_15 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPHIGHO2_12_FULL_40_32 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_01_FULL_42_9 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_40_36 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_42_39 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_46_8 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_50_16 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_53_8 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_02_FULL_55_12 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_12_FULL_40_28 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_12_FULL_42_16 (B) 
[P] 
           
Deltaproteobacteria bacterium RIFCSPLOWO2_12_FULL_43_16 (B) 
[P] 
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           Deltaproteobacteria bacterium RIFOXYA2_FULL_42_10 (B) [P] 
    
Gammaproteobacteri
a 
Alteromonadales Alteromonadaceae Marinobacter Marinobacter lipolyticus BF04_CF-4 (B) [P] 
      Chromatiales Ectothiorhodospiraceae Nitrococcus Nitrococcus mobilis Nb-231 (B) [P] 
      Oceanospirillales Hahellaceae Hahella Hahella ganghwensis DSM 17046 (B) [P] 
        Halomonadaceae Aidingimonas Aidingimonas halophila DSM 19219 (B) [D] 
          Chromohalobacter Chromohalobacter israelensis 6768 (B) [D] 
          Chromohalobacter salexigens 1H11, DSM 3043 (B) [F] 
          Halomonas Halomonas aestuarii Hb3 (B) [D] 
          Halomonas alkaliantarctica FS-N4 (contamination screened) (B) [P] 
           Halomonas anticariensis FP35 (B) [P] 
           Halomonas anticariensis FP35, DSM 16096 (B) [P] 
           Halomonas aquamarina 558 (B) [D] 
           Halomonas arcis CGMCC 1.6494 (B) [D] 
           Halomonas axialensis ACH-L-8 (B) [D] 
           Halomonas boliviensis LC1 (B) [P] 
           Halomonas campaniensis LS21 (B) [F] 
           Halomonas caseinilytica CGMCC 1.6773 (B) [D] 
           Halomonas chromatireducens AGD 8-3 (B) [D] 
           Halomonas daqiaogenesis CGMCC 1.9150 (B) [D] 
           Halomonas elongata DSM 2581 (B) [F] 
           Halomonas huangheensis BJGMM-B45 (B) [P] 
           Halomonas jeotgali Hwa (B) [P] 
           Halomonas korlensis CGMCC 1.6981 (B) [D] 
           Halomonas muralis DSM 14789 (B) [D] 
           Halomonas saccharevitans CGMCC 1.6493 (B) [D] 
           Halomonas salina (B) [D] 
           Halomonas shengliensis CGMCC 1.6444 (B) [D] 
 
102 
Supplemental Table 2.1 (Continued) Phylogenetic Information of Members in Sequence Alignment for Each Biomarker. 
           Halomonas sinaiensis Sharm (B) [D] 
           Halomonas songnenensis CGMCC 1.12152 (B) [D] 
           Halomonas sp. 19A_GOM-1509m (B) [P] 
           Halomonas sp. 23_GOM-1509m (B) [P] 
           Halomonas sp. A3H3 (B) [D] 
           Halomonas sp. DSM 26667 (B) [D] 
           Halomonas sp. HAL1 (B) [P] 
           Halomonas sp. HG01 (B) [D] 
           Halomonas sp. HL-93 (B) [D] 
           Halomonas sp. HTNK1 (B) [P] 
           Halomonas sp. KO116 (B) [D] 
           Halomonas sp. KX33721 (B) [D] 
           Halomonas sp. R57-5 (B) [D] 
           Halomonas sp. TD01 (B) [P] 
           Halomonas sp. TG39a (B) [P] 
           Halomonas sp. ES.049 (B) [D] 
           Halomonas sp. HL-4 (B) [D] 
           Halomonas subglaciescola ACAM 12 (B) [D] 
           Halomonas titanicae BH1 (B) [P] 
           Halomonas ventosae USBA 854 (B) [D] 
        Oceanospirillaceae Neptunomonas Neptunomonas japonica DSM 18939 (B) [P] 
         Neptunomonas qingdaonensis CGMCC 1.10971 (B) [D] 
      Pseudomonadales Moraxellaceae Psychrobacter Psychrobacter cibarius W1 (B) [D] 
        Psychrobacter glacincola BNF20 (B) [D] 
           Psychrobacter lutiphocae DSM 21542 (B) [P] 
        Pseudomonadaceae Pseudomonas Pseudomonas aeruginosa 3578 (B) [P] 
         Pseudomonas aeruginosa 3579 (B) [P] 
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           Pseudomonas aeruginosa 39016 (B) [P] 
           Pseudomonas aeruginosa ATCC 33359 (B) [D] 
           Pseudomonas aeruginosa ATCC 9027 (B) [D] 
           Pseudomonas aeruginosa ATCC 9027 (B) [D] 
           Pseudomonas aeruginosa AU12175 (B) [D] 
           Pseudomonas aeruginosa B3-1811 (B) [D] 
           Pseudomonas aeruginosa B3-208 (B) [D] 
           Pseudomonas aeruginosa B3-20M (B) [D] 
           Pseudomonas aeruginosa B3-CFI (B) [D] 
           Pseudomonas aeruginosa BL02 (B) [P] 
           Pseudomonas aeruginosa BWH031 (B) [P] 
           Pseudomonas aeruginosa BWH035 (B) [P] 
           Pseudomonas aeruginosa BWH036 (B) [P] 
           Pseudomonas aeruginosa BWH051 (B) [P] 
           Pseudomonas aeruginosa BWH055 (B) [P] 
           Pseudomonas aeruginosa BWHPSA001 (B) [P] 
           Pseudomonas aeruginosa BWHPSA005 (B) [P] 
           Pseudomonas aeruginosa BWHPSA009 (B) [P] 
           Pseudomonas aeruginosa BWHPSA023 (B) [P] 
           Pseudomonas aeruginosa BWHPSA024 (B) [P] 
           Pseudomonas aeruginosa BWHPSA048 (B) [P] 
           Pseudomonas aeruginosa C20 (B) [P] 
           Pseudomonas aeruginosa C23 (B) [P] 
           Pseudomonas aeruginosa C41 (B) [P] 
           Pseudomonas aeruginosa CF_PA39 (B) [P] 
           Pseudomonas aeruginosa EML545 (B) [D] 
           Pseudomonas aeruginosa EML548 (B) [D] 
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           Pseudomonas aeruginosa JD304 (B) [D] 
           Pseudomonas aeruginosa JD306 (B) [D] 
           Pseudomonas aeruginosa JD310 (B) [D] 
           Pseudomonas aeruginosa JD315 (B) [D] 
           Pseudomonas aeruginosa JD322 (B) [D] 
           Pseudomonas aeruginosa JD325 (B) [D] 
           Pseudomonas aeruginosa JD326 (B) [D] 
           Pseudomonas aeruginosa JD329 (B) [D] 
           Pseudomonas aeruginosa JD335 (B) [D] 
           Pseudomonas aeruginosa LES400 (B) [F] 
           Pseudomonas aeruginosa LES431 (B) [F] 
           Pseudomonas aeruginosa LESB58 (B) [F] 
           Pseudomonas aeruginosa LESB65 (B) [F] 
           Pseudomonas aeruginosa LESlike1 (B) [F] 
           Pseudomonas aeruginosa LESlike4 (B) [F] 
           Pseudomonas aeruginosa LESlike5 (B) [F] 
           Pseudomonas aeruginosa LESlike7 (B) [F] 
           Pseudomonas aeruginosa PAHM4 (B) [D] 
           Pseudomonas aeruginosa PAO1 (B) [F] 
           Pseudomonas aeruginosa PAb1 (B) [P] 
           Pseudomonas aeruginosa PDR (B) [D] 
           Pseudomonas aeruginosa PK6 (B) [P] 
           Pseudomonas aeruginosa PUPa3 (B) [P] 
           Pseudomonas aeruginosa RW1 (B) [D] 
           Pseudomonas aeruginosa RW10 (B) [D] 
           Pseudomonas aeruginosa RW11 (B) [D] 
           Pseudomonas aeruginosa RW12 (B) [D] 
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           Pseudomonas aeruginosa RW14 (B) [D] 
           Pseudomonas aeruginosa RW15 (B) [D] 
           Pseudomonas aeruginosa RW18 (B) [D] 
           Pseudomonas aeruginosa RW19 (B) [D] 
           Pseudomonas aeruginosa RW21 (B) [D] 
           Pseudomonas aeruginosa RW27 (B) [D] 
           Pseudomonas aeruginosa RW30 (B) [D] 
           Pseudomonas aeruginosa RW31 (B) [D] 
           Pseudomonas aeruginosa RW32 (B) [D] 
           Pseudomonas aeruginosa RW43 (B) [D] 
           Pseudomonas aeruginosa RW44 (B) [D] 
           Pseudomonas aeruginosa RW47 (B) [D] 
           Pseudomonas aeruginosa RW50 (B) [D] 
           Pseudomonas aeruginosa RW55 (B) [D] 
           Pseudomonas aeruginosa RW6 (B) [D] 
           Pseudomonas aeruginosa RW62 (B) [D] 
           Pseudomonas aeruginosa RW64 (B) [D] 
           Pseudomonas aeruginosa RW65 (B) [D] 
           Pseudomonas aeruginosa RW69 (B) [D] 
           Pseudomonas aeruginosa RW70 (B) [D] 
           Pseudomonas aeruginosa RW72 (B) [D] 
           Pseudomonas aeruginosa RW73 (B) [D] 
           Pseudomonas aeruginosa RW74 (B) [D] 
           Pseudomonas aeruginosa RW75 (B) [D] 
           Pseudomonas aeruginosa RW76 (B) [D] 
           Pseudomonas aeruginosa RW78 (B) [D] 
           Pseudomonas aeruginosa RW79 (B) [D] 
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           Pseudomonas aeruginosa RW80 (B) [D] 
           Pseudomonas aeruginosa RW81 (B) [D] 
           Pseudomonas aeruginosa RW83 (B) [D] 
           Pseudomonas aeruginosa RW84 (B) [D] 
           Pseudomonas aeruginosa RW86 (B) [D] 
           Pseudomonas aeruginosa RW87 (B) [D] 
           Pseudomonas aeruginosa RW88 (B) [D] 
           Pseudomonas aeruginosa RW89 (B) [D] 
           Pseudomonas aeruginosa RW90 (B) [D] 
           Pseudomonas aeruginosa RW91 (B) [D] 
           Pseudomonas aeruginosa RW92 (B) [D] 
           Pseudomonas aeruginosa RW93 (B) [D] 
           Pseudomonas aeruginosa RW96 (B) [D] 
           Pseudomonas aeruginosa SG17M (B) [P] 
           
Pseudomonas aeruginosa ST-111 E10_London_26_VIM_2_06_13 (B) 
[D] 
           Pseudomonas aeruginosa UCBPP-PA14 (B) [F] 
           Pseudomonas aeruginosa W36662 (B) [D] 
           Pseudomonas aeruginosa W60856 (B) [D] 
           Pseudomonas aeruginosa sv. O12 PA7 (B) [F] 
           Pseudomonas benzenivorans DSM 8628 (B) [D] 
           Pseudomonas borbori LMG 23199 (B) [D] 
           Pseudomonas delhiensis LMG 24737 (B) [D] 
           Pseudomonas delhiensis RLD-1 (B) [D] 
           Pseudomonas luteola JCM 3352 (B) [D] 
           Pseudomonas sp. ABAC61 (B) [D] 
           Pseudomonas sp. CMR5c (B) [D] 
           Pseudomonas sp. Chol1 (B) [P] 
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           Pseudomonas sp. HMP271 (B) [D] 
           Pseudomonas stutzeri KF716 (B) [D] 
           Pseudomonas stutzeri TS44 (B) [P] 
           Pseudomonas yangmingensis DSM 24213 (B) [D] 
        unclassified unclassified Pseudomonadales bacterium RIFCSPLOWO2_12_59_9 (B) [P] 
      Thiotrichales Thiotrichaceae Beggiatoa Beggiatoa sp. Orange Guaymas (B) [P] 
        Beggiatoa sp. PS (B) [P] 
          Thiomargarita Candidatus Thiomargarita nelsonii (unscreened) (B) [D] 
          Thiomargarita nelsonii bud S10 (B) [P] 
           Thiomargarita sp. Thio36 (unscreened) (B) [P] 
      unclassified unclassified unclassified 
Gammaproteobacteria bacterium RIFCSPLOWO2_02_FULL_56_15 
(B) [P] 
    Hydrogenophilalia Hydrogenophilales unclassified unclassified Hydrogenophilales bacterium RIFOXYD1_FULL_62_11 (B) [P] 
    Oligoflexia Bdellovibrionales unclassified unclassified Bdellovibrionales bacterium GWA2_49_15 (B) [P] 
    unclassified unclassified unclassified unclassified 
Composite genome from Trout Bog Hypolimnion pan-assembly 
TBhypo.metabat.4645 (B) [D] 
  
candidate division 
NC10 
unclassified unclassified unclassified 
Candidatus 
Methylomirabilis 
Candidatus Methylomirabilis oxyfera (B) [D] 
      Candidatus Methylomirabilis oxyfera sp. Australia (B) [D] 
  unclassified unclassified unclassified unclassified unclassified 
S2R-29 bacterium JGI MDM2-000218CP-K4 (contamination screened) 
(B) [D] 
      S2R-29 bacterium JGI MDM2-000218CP-N10 (contamination 
screened) (B) [D] 
       
       
nosZ Group I      
Domain Phylum Class Order Family Genus Species 
Bacteria Actinobacteria Actinobacteria Propionibacteriales Nocardioidaceae Mumia Mumia flava MUSC 201 (B) [D] 
    Nitriliruptoria Nitriliruptorales Nitriliruptoraceae Nitriliruptor Nitriliruptor alkaliphilus DSM 45188 (B) [P] 
  Bacteroidetes Cytophagia Rhodothermales Rhodothermaceae Rhodothermus Rhodothermus marinus R-10, DSM 4252 (B) [F] 
    unclassified 
Bacteroidetes Order II. 
Incertae sedis 
Rhodothermaceae Rhodothermus Rhodothermus marinus SG0.5JP17-172 (B) [F] 
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       Rhodothermus profundi DSM 22212 (B) [D] 
  Chloroflexi Anaerolineae Anaerolineales unclassified unclassified Anaerolineales bacterium EBPR_Bin_136 (B) [P] 
    Ardenticatenia Ardenticatenales Ardenticatenaceae Ardenticatena Ardenticatena maritima 110S (B) [D] 
    Caldilineae Caldilineales Caldilineaceae Caldilinea Caldilinea aerophila STL-6-O1, DSM 14535 (B) [F] 
    Thermomicrobia Sphaerobacterales Sphaerobacteraceae Sphaerobacter Sphaerobacter thermophilus 4ac11, DSM 20745 (B) [F] 
      Thermomicrobiales Thermomicrobiaceae Thermomicrobium Thermomicrobium roseum DSM 5159 (B) [F] 
    unclassified unclassified unclassified unclassified Chloroflexi bacterium RBG_16_57_11 (B) [D] 
  Planctomycetes Phycisphaerae Phycisphaerales Phycisphaeraceae unclassified Phycisphaeraceae bacterium EBPR_Bin_263 (B) [P] 
  Proteobacteria Alphaproteobacteria Kiloniellales Kiloniellaceae Kiloniella Kiloniella laminariae DSM 19542 (B) [P] 
      Kiloniella litopenaei P1-1 (B) [D] 
           Kiloniella spongiae MEBiC09566 (B) [D] 
      Rhizobiales Aurantimonadaceae Aurantimonas Aurantimonas sp. USBA 369 (B) [D] 
        Bradyrhizobiaceae Afipia Afipia birgiae 34632 (B) [P] 
         Afipia felis 76713 (B) [D] 
           Afipia sp. 1NLS2 (B) [P] 
           Afipia sp. GAS231 (B) [D] 
          Bosea Bosea lathyri DSM 26656 (B) [D] 
          Bosea sp. AAP35 (B) [D] 
           Bosea sp. TND4EK4 (B) [D] 
           Bosea thiooxidans CGMCC 9174 (B) [D] 
          Bradyrhizobium Bradyrhizobium canariense GAS369 (B) [D] 
          Bradyrhizobium diazoefficiens USDA 110 (B) [D] 
           Bradyrhizobium japonicum USDA 110 (B) [F] 
           Bradyrhizobium oligotrophicum S58 (B) [F] 
           Bradyrhizobium sp. BTAi1 (B) [F] 
           Bradyrhizobium yuanmingense CCBAU 05623 (B) [D] 
          Oligotropha Oligotropha carboxidovorans OM5 (B) [F] 
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          Rhodopseudomonas Rhodopseudomonas palustris BisA53 (B) [F] 
          Rhodopseudomonas pseudopalustris DSM 123 (B) [D] 
        Brucellaceae Brucella Brucella abortus A13334 (B) [F] 
         Brucella abortus levi gila (B) [P] 
           Brucella melitensis bv. 1 Abortus 2308 (B) [F] 
           Brucella canis HSK A52141 (B) [F] 
           Brucella ceti B1/94 (B) [P] 
           Brucella inopinata BO1 (B) [P] 
           Brucella melitensis 16M13W (B) [P] 
           Brucella microti CCM 4915 (B) [F] 
           Brucella neotomae 5K33, ATCC 23459 (B) [D] 
           Brucella ovis ATCC 25840 (B) [F] 
           Brucella pinnipedialis 6/566 (B) [F] 
           Brucella suis 019 (B) [D] 
           Brucella vulpis B32851 (B) [D] 
          Ochrobactrum Ochrobactrum anthropi ATCC 49188 (B) [F] 
          Ochrobactrum intermedium J2 (B) [P] 
           Ochrobactrum rhizosphaerae SJY1 (B) [P] 
          Pseudochrobactrum Pseudochrobactrum sp. AO18b (B) [P] 
        Chelatococcaceae Chelatococcus Chelatococcus daeguensis TAD1 (B) [D] 
         Chelatococcus sambhunathii DSM 18167 (B) [D] 
           Chelatococcus sp. CO-6 (B) [D] 
           Chelatococcus sp. GW1 (B) [P] 
        Cohaesibacteraceae Cohaesibacter Cohaesibacter gelatinilyticus DSM 18289 (B) [D] 
        Hyphomicrobiaceae Hyphomicrobium Hyphomicrobium denitrificans ATCC 51888 (B) [F] 
         Hyphomicrobium nitrativorans NL23 (B) [F] 
           Hyphomicrobium zavarzinii ATCC 27496 (B) [P] 
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          Maritalea Maritalea myrionectae DSM 19524 (B) [P] 
        Methylobacteriaceae Methylobacterium Methylobacterium sp. 4-46 (B) [F] 
          Microvirga Microvirga guangxiensis CGMCC 1.7666 (B) [D] 
        Methylocystaceae Pleomorphomonas Pleomorphomonas diazotrophica R5-392 (B) [D] 
         Pleomorphomonas koreensis DSM 23070 (B) [P] 
           Pleomorphomonas oryzae DSM 16300 (B) [P] 
          Terasakiella Terasakiella pusilla DSM 6293 (B) [P] 
        Phyllobacteriaceae Aminobacter Aminobacter aminovorans KCTC 2477 (B) [D] 
          Aquamicrobium Aquamicrobium defluvii W13Z1 (B) [P] 
          Hoeflea Hoeflea sp. IMCC20628 (B) [D] 
          Mesorhizobium Mesorhizobium loti NZP2037 (B) [D] 
          Mesorhizobium plurifarium ORS3365 (B) [D] 
           Mesorhizobium tianshanense CGMCC 1.2546 (B) [D] 
          Nitratireductor Nitratireductor basaltis RR3-28 (B) [D] 
          Nitratireductor indicus C115 (B) [P] 
          Paramesorhizobium Paramesorhizobium deserti A-3-E (B) [D] 
        Rhizobiaceae Agrobacterium Agrobacterium bacterium JGI 035 (contamination screened) (B) [D] 
          Ensifer Ensifer adhaerens Casida A (B) [F] 
          Rhizobium Rhizobium etli 8C-3 (B) [D] 
          Rhizobium gallicum bv. gallicum R602 (B) [D] 
           Rhizobium giardinii bv. giardinii H152 (B) [P] 
           Rhizobium leguminosarum bv. trifolii WSM597 (B) [P] 
           Rhizobium selenitireducens ATCC BAA-1503 (B) [P] 
           Rhizobium sullae WSM1592 (B) [P] 
          Shinella Shinella sp. DD12 (B) [P] 
          Sinorhizobium Sinorhizobium fredii USDA 257 (B) [F] 
          Sinorhizobium meliloti 1021 (B) [F] 
 
111 
Supplemental Table 2.1 (Continued) Phylogenetic Information of Members in Sequence Alignment for Each Biomarker. 
           Sinorhizobium sp. RAC02 (B) [D] 
        Xanthobacteraceae Azorhizobium Azorhizobium doebereinerae UFLA1-100 (B) [P] 
          Pseudolabrys Pseudolabrys sp. Root1462 (B) [D] 
        unclassified unclassified Rhizobiales bacterium YIM 77505 (B) [P] 
      Rhodobacterales Rhodobacteraceae Aliiroseovarius Aliiroseovarius crassostreae CV919-312 (B) [D] 
        Aliiroseovarius sediminilitoris DSM 29439 (B) [D] 
          Celeribacter Celeribacter baekdonensis B30 (B) [P] 
          Celeribacter halophilus ZXM137 (B) [D] 
           Celeribacter neptunius DSM 26471 (B) [D] 
          Cereibacter Cereibacter changlensis DSM 18774 (B) [P] 
          Cribrihabitans Cribrihabitans marinus DSM 29340 (B) [D] 
          Defluviimonas Defluviimonas denitrificans DSM 18921 (B) [P] 
          Dinoroseobacter Dinoroseobacter shibae DFL-12, DSM 16493 (B) [F] 
          Gemmobacter Gemmobacter caeni CGMCC 1.7745 (B) [D] 
          Gemmobacter megaterium DSM 26375 (B) [D] 
           Gemmobacter nectariphilus DSM 15620 (B) [P] 
          Jhaorihella Jhaorihella thermophila DSM 23413 (B) [D] 
          Labrenzia Labrenzia aggregata IAM 12614 (B) [P] 
          Labrenzia alba CECT 5094 (B) [D] 
           Labrenzia suaedae DSM 22153 (B) [D] 
          Leisingera Leisingera aquaemixtae CECT 8399 (B) [D] 
          Leisingera aquimarina DSM 24565 (B) [P] 
           Leisingera caerulea DSM 24564 (B) [P] 
           Leisingera daeponensis DSM 23529 (B) [P] 
           Leisingera methylohalidivorans MB2, DSM 14336 (B) [F] 
          Litoreibacter Litoreibacter albidus DSM 26922 (B) [D] 
          Litoreibacter ascidiaceicola DSM 100566 (B) [D] 
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           Litoreibacter halocynthiae DSM 29467 (B) [D] 
           Litoreibacter meonggei DSM 29466 (B) [D] 
          Lutimaribacter Lutimaribacter litoralis DSM 29506 (B) [D] 
          Lutimaribacter pacificus DSM 29620 (B) [D] 
          Mameliella Mameliella alba UMTAT08 (B) [D] 
          Marinosulfonomonas Marinosulfonomonas sp. PRT002 (unscreened) (B) [D] 
          Maritimibacter Maritimibacter alkaliphilus DSM 100037 (B) [D] 
          Marivita Marivita geojedonensis DSM 29432 (B) [D] 
          Nesiotobacter Nesiotobacter exalbescens DSM 16456 (B) [P] 
          Oceanicella Oceanicella actignis DSM 22673 (B) [P] 
          Oceaniovalibus Oceaniovalibus guishaninsula JLT2003 (B) [P] 
          Paenirhodobacter Paenirhodobacter sp. MME-103 (B) [D] 
          Pannonibacter Pannonibacter indicus DSM 23407 (B) [D] 
          Pannonibacter phragmitetus CGMCC9175 (B) [D] 
          Paracoccus Paracoccus alcaliphilus DSM 8512 (B) [D] 
          Paracoccus alkenifer DSM 11593 (B) [D] 
           Paracoccus aminovorans DSM 8537 (B) [D] 
           Paracoccus chinensis CGMCC 1.7655 (B) [D] 
           Paracoccus denitrificans PD1222 (B) [F] 
           Paracoccus halophilus JCM 14014 (B) [D] 
           Paracoccus pantotrophus J40 (B) [P] 
           Paracoccus sanguinis DSM 29303 (B) [D] 
           Paracoccus solventivorans DSM 6637 (B) [D] 
           Paracoccus sphaerophysae HAMBI 3106 (B) [D] 
           Paracoccus thiocyanatus ATCC 700171 (B) [D] 
           Paracoccus versutus DSM 582 (B) [D] 
           Paracoccus yeei ATCC BAA-599 (B) [P] 
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          Pelagicola Pelagicola litoralis DSM 18290 (B) [P] 
          Phaeobacter Phaeobacter inhibens T5, DSM 16374 (B) [F] 
          Pontibaca Pontibaca methylaminivorans DSM 21219 (B) [D] 
          Ponticoccus Ponticoccus marisrubri SJ5A-1 (B) [D] 
          Pseudooceanicola Pseudooceanicola nanhaiensis DSM 18065 (B) [P] 
          Pseudooceanicola nitratireducens DSM 29619 (B) [D] 
          Pseudopelagicola Pseudopelagicola gijangensis DSM 100564 (B) [D] 
          Pseudophaeobacter Pseudophaeobacter arcticus DSM 23566 (B) [P] 
          Pseudorhodobacter Pseudorhodobacter ferrugineus DSM 5888 (B) [P] 
          Pseudoruegeria Pseudoruegeria haliotis DSM 29328 (B) [D] 
          Pseudoruegeria lutimaris DSM 25294 (B) [D] 
           Pseudoruegeria marinistellae SF-16 (B) [D] 
           Pseudoruegeria sabulilitoris GJMS-35 (B) [D] 
          Pseudovibrio Pseudovibrio ascidiaceicola DSM 16392 (B) [D] 
          Pseudovibrio axinellae DSM 24994 (B) [D] 
           Pseudovibrio denitrificans DSM 17465 (B) [D] 
          Rhodobaca Rhodobaca barguzinensis DSM 19920 (B) [P] 
          Rhodobacter Rhodobacter capsulatus SB1003 (B) [F] 
          Rhodobacter megalophilus DSM 18937 (B) [D] 
           Rhodobacter sphaeroides ATCC 17025 (B) [F] 
          Roseobacter Roseobacter denitrificans OCh 114 (B) [F] 
          Roseobacter litoralis Och 149 (B) [F] 
          Roseovarius Roseovarius lutimaris DSM 28463 (B) [D] 
          Roseovarius marisflavi DSM 29327 (B) [D] 
           Roseovarius mucosus DSM 17069 (B) [D] 
           Roseovarius nanhaiticus DSM 29590 (B) [D] 
           Roseovarius pacificus DSM 29589 (B) [D] 
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          Ruegeria Ruegeria atlantica CECT 4292 (B) [D] 
          Ruegeria conchae TW15 (B) [P] 
           Ruegeria faecimaris DSM 28009 (B) [D] 
           Ruegeria halocynthiae DSM 27839 (B) [D] 
           Ruegeria intermedia DSM 29341 (B) [D] 
           Ruegeria lacuscaerulensis DSM 11314 (B) [D] 
           Ruegeria marina CGMCC 1.9108 (B) [D] 
           Ruegeria pomeroyi DSS-3 (B) [F] 
          Salinihabitans Salinihabitans flavidus DSM 27842 (B) [D] 
          Salipiger Salipiger aestuarii DSM 22011 (B) [D] 
          Salipiger mucosus DSM 16094 (B) [P] 
          Sedimentitalea Sedimentitalea nanhaiensis CGMCC 1.10959 (B) [D] 
          Sediminimonas Sediminimonas qiaohouensis DSM 21189 (B) [P] 
          Shimia Shimia aestuarii DSM 15283 (B) [D] 
          Shimia haliotis DSM 28453 (B) [D] 
           Shimia isoporae DSM 26433 (B) [D] 
           Shimia sagamensis DSM 29734 (B) [D] 
          Stappia Stappia indica USBA 352 (B) [D] 
          Sulfitobacter Sulfitobacter mediterraneus (B) [P] 
          Sulfitobacter pontiacus 3SOLIMAR09 (B) [P] 
          Thalassobius Thalassobius gelatinovorus CECT 4357 (B) [D] 
          Thioclava Thioclava atlantica 13D2W-2 (B) [D] 
          Tranquillimonas Tranquillimonas alkanivorans DSM 19547 (B) [D] 
          Tropicimonas Tropicimonas isoalkanivorans DSM 19548 (B) [D] 
          Tropicimonas sediminicola DSM 29339 (B) [D] 
          unclassified Rhodobacteraceae bacterium EBPR_Bin_228 (B) [P] 
        unclassified unclassified 
Rhodobacterales bacterium RIFCSPHIGHO2_02_FULL_62_130 (B) 
[P] 
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      Rhodospirillales Acetobacteraceae Belnapia Belnapia rosea CGMCC 1.10758 (B) [D] 
          Rhodopila Rhodopila sp. LVNP (B) [D] 
        Rhodospirillaceae Azospirillum Azospirillum brasilense Sp245 (B) [F] 
         Azospirillum halopraeferens DSM 3675 (B) [P] 
           Azospirillum lipoferum 4B (B) [F] 
           Azospirillum oryzae A2P (B) [D] 
          Caenispirillum Caenispirillum bisanense USBA 140 (B) [D] 
          Caenispirillum salinarum AK4 (B) [P] 
          Dongia Dongia mobilis CGMCC 1.7660 (B) [D] 
          Magnetospira Magnetospira sp. QH-2 (B) [D] 
          Magnetospirillum Magnetospirillum bellicus VDY (B) [P] 
          Magnetospirillum caucaseum SO-1 (B) [P] 
           Magnetospirillum gryphiswaldense MSR-1 v2 (B) [D] 
           Magnetospirillum magneticum AMB-1 (B) [F] 
           Magnetospirillum magnetotacticum MS-1 (B) [D] 
          Nisaea Nisaea denitrificans DSM 18348 (B) [P] 
          Nitrospirillum Nitrospirillum amazonense Y2 (B) [P] 
          Rhodospirillum Rhodospirillum centenum SW (B) [F] 
          Skermanella Skermanella aerolata KACC 11604 (B) [D] 
          Thalassospira Thalassospira permensis NBRC 106175 (B) [P] 
          Thalassospira xiamenensis DSM 17429 (B) [D] 
          Tistlia Tistlia consotaensis USBA 355 (B) [D] 
        unclassified Enhydrobacter Enhydrobacter aerosaccus ATCC 27094 (B) [P] 
          unclassified unclassified Rhodospirillaceae Bin 35 (B) [D] 
      unclassified unclassified Polymorphum Polymorphum gilvum SL003B-26A1 (B) [F] 
          Thermopetrobacter Thermopetrobacter sp. TC1 (B) [P] 
          unclassified 
Alphaproteobacteria bacterium JGI A07063-J22 (contamination 
screened) (B) [D] 
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    Betaproteobacteria Burkholderiales Alcaligenaceae Achromobacter Achromobacter arsenitoxydans SY8 (B) [P] 
       Achromobacter xylosoxidans C54 (B) [D] 
          Alcaligenes Alcaligenes faecalis faecalis NCIB 8687 (B) [P] 
          Alcaligenes faecalis phenolicus IITR89 (B) [D] 
          Azohydromonas Azohydromonas australica DSM 1124 (B) [P] 
          Bordetella Bordetella bronchiseptica KU1201 (B) [D] 
          Bordetella petrii DSM 12804 (B) [F] 
          Candidimonas Candidimonas bauzanensis CGMCC 1.10190 (B) [D] 
          Castellaniella Castellaniella defragrans 65Phen (B) [D] 
          Oligella Oligella ureolytica DSM 18253 (B) [P] 
        Burkholderiaceae Burkholderia Burkholderia mallei 11 (B) [D] 
         Burkholderia pseudomallei 1026b (B) [F] 
           Burkholderia thailandensis 34 (B) [D] 
          Cupriavidus Cupriavidus alkaliphilus ASC-732 (B) [D] 
          Cupriavidus basilensis B-8 (B) [P] 
           Cupriavidus metallidurans CH34 (B) [F] 
           Cupriavidus nantongensis X1 (B) [D] 
           Cupriavidus necator H16 (B) [F] 
          Lautropia Lautropia mirabilis ATCC 51599 (B) [P] 
          Paraburkholderia Paraburkholderia caryophylli Ballard 720 (B) [D] 
          Paraburkholderia kururiensis M130 (B) [P] 
           Paraburkholderia nodosa DSM 21604 (B) [P] 
          Ralstonia Ralstonia pickettii 12D (B) [F] 
          Ralstonia solanacearum EP1 (B) [D] 
        Comamonadaceae Acidovorax Acidovorax caeni DSM 19327 (B) [D] 
         Acidovorax delafieldii 2AN (B) [P] 
           Acidovorax ebreus TPSY (B) [F] 
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           Acidovorax radicis N35 (B) [P] 
           Acidovorax soli DSM 25157 (B) [D] 
           Acidovorax temperans CB2 (B) [P] 
          Alicycliphilus Alicycliphilus denitrificans BC (B) [F] 
          Brachymonas Brachymonas denitrificans DSM 15123 (B) [D] 
          Comamonas Comamonas granuli NBRC 101663 (B) [D] 
          Comamonas nitrativorans DSM 13191 (B) [P] 
          Diaphorobacter Diaphorobacter nitroreducens JCM 11421 (B) [D] 
          Diaphorobacter oryzae DSM 22780 (B) [P] 
          Hydrogenophaga Hydrogenophaga sp. T4 (B) [P] 
          Oryzisolibacter Oryzisolibacter propanilivorax EPL6 (B) [D] 
          Ottowia Ottowia sp. W10237 (B) [D] 
          Pelomonas Pelomonas sp. Root1444 (B) [D] 
          Polaromonas Polaromonas glacialis R3-9 (contamination screened) (B) [P] 
          Ramlibacter Ramlibacter tataouinensis 5-10 (B) [D] 
          Rhodoferax Rhodoferax ferrireducens T118 (B) [F] 
          Simplicispira Simplicispira psychrophila DSM 11588 (B) [P] 
        Oxalobacteraceae Duganella Duganella sp. CF458 (B) [D] 
          Herminiimonas Herminiimonas sp. CN (B) [P] 
          Janthinobacterium Janthinobacterium lividum NFR18 (B) [D] 
          Massilia Massilia flava CGMCC 1.10685 (B) [D] 
          Noviherbaspirillum Noviherbaspirillum autotrophicum TSA66 (B) [D] 
        unclassified Leptothrix Leptothrix cholodnii SP-6 (B) [F] 
          Paucibacter Paucibacter sp. KCTC 42545 (B) [D] 
          Rubrivivax Rubrivivax gelatinosus IL144 (B) [F] 
          unclassified Burkholderiales bacterium RIFCSPHIGHO2_01_FULL_64_960 (B) [P] 
          Polyangium brachysporum DSM 7029 (B) [D] 
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      Neisseriales Chromobacteriaceae Microvirgula Microvirgula aerodenitrificans DSM 15089 (B) [P] 
          Pseudogulbenkiania Pseudogulbenkiania ferrooxidans 2002 (B) [P] 
          Pseudogulbenkiania sp. NH8B (B) [F] 
           Pseudogulbenkiania subflava DSM 22618 (B) [P] 
        Neisseriaceae Alysiella Alysiella crassa DSM 2578 (B) [P] 
          Kingella Kingella denitrificans ATCC 33394 (B) [P] 
          Kingella kingae AA068 (B) [D] 
           Kingella oralis UB-38, ATCC 51147 (B) [P] 
          Morococcus Morococcus cerebrosus CIP 81.93 (B) [D] 
          Neisseria Neisseria cinerea ATCC 14685 (B) [P] 
          Neisseria flavescens SK114 (B) [P] 
           Neisseria gonorrhoeae 32867 (B) [D] 
           Neisseria gonorrhoeae H15_353 (B) [D] 
           Neisseria lactamica 020-06 (B) [F] 
           Neisseria macacae ATCC 33926 (B) [P] 
           Neisseria mucosa C102 (B) [P] 
           Neisseria polysaccharea ATCC 43768 (B) [P] 
           Neisseria sicca 4320 (B) [P] 
           Neisseria subflava NJ9703 (B) [P] 
          Simonsiella Simonsiella muelleri ATCC 29453 (B) [P] 
      Nitrosomonadales Gallionellaceae Sulfuricella Sulfuricella denitrificans skB26 (B) [F] 
        Methylophilaceae Methylotenera Methylotenera mobilis #13 (B) [P] 
        Thiobacillaceae Thiobacillus Thiobacillus denitrificans ATCC 25259 (B) [F] 
         Thiobacillus thioparus DSM 505 (B) [P] 
      Rhodocyclales Azonexaceae Azonexus Azonexus hydrophilus DSM 23864 (B) [P] 
          Dechloromonas Dechloromonas agitata is5 (B) [P] 
          Dechloromonas denitrificans ATCC BAA-841 (B) [D] 
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        Rhodocyclaceae Aromatoleum Aromatoleum aromaticum EbN1 (B) [F] 
          Azospira Azospira oryzae PS (B) [F] 
          Azospira restricta SUA2 (B) [D] 
          Dechlorobacter Dechlorobacter hydrogenophilus LT-1 (B) [P] 
          unclassified Rhodocyclaceae bacterium Paddy-1 (B) [D] 
        Zoogloeaceae Azoarcus Azoarcus communis DSM 12120 (B) [P] 
         Azoarcus olearius DQS4 (B) [D] 
           Azoarcus toluclasticus ATCC 700605 (B) [P] 
           Azoarcus tolulyticus ATCC 51758 (B) [D] 
          Thauera Thauera aminoaromatica S2 (B) [P] 
          Thauera chlorobenzoica 3CB1 (B) [D] 
           Thauera linaloolentis DSM 12138 (B) [P] 
           Thauera phenylacetica B4P (B) [P] 
           Thauera aminoaromatica MZ1T (B) [F] 
           Thauera terpenica 58Eu (B) [P] 
        unclassified unclassified Rhodocyclales bacterium GWA2_65_19 (B) [P] 
      unclassified unclassified 
Candidatus 
Accumulibacter 
Candidatus Accumulibacter phosphatis Type IIA UW-1 (B) [F] 
        Candidatus Accumulibacter sp. BA-92 (B) [P] 
    Deltaproteobacteria Desulfurellales Desulfurellaceae Hippea Hippea jasoniae Mar08-272r (B) [P] 
      Myxococcales unclassified unclassified Myxococcales bacterium SG8_38 (B) [P] 
      unclassified unclassified unclassified Deltaproteobacterium sp. OalgD1b (B) [P] 
    
Gammaproteobacteri
a 
Aeromonadales Aeromonadaceae Aeromonas Aeromonas media ARB13 (B) [D] 
       Aeromonas salmonicida pectinolytica 34mel (B) [P] 
           Aeromonas sanarellii LMG 24682 (B) [D] 
      Alteromonadales Alteromonadaceae Marinobacter Marinobacter daepoensis DSM 16072 (B) [P] 
        Marinobacter daqiaonensis CGMCC 1.9167 (B) [D] 
           Marinobacter gudaonensis CGMCC 1.6294 (B) [D] 
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           Marinobacter aquaeolei VT8 (B) [F] 
           Marinobacter hydrocarbonoclasticus ATCC 49840 (B) [F] 
           Marinobacter lipolyticus BF04_CF-4 (B) [P] 
           Marinobacter manganoxydans MnI7-9 (B) [P] 
           Marinobacter nitratireducens AK21 (B) [P] 
           Marinobacter pelagius CGMCC 1.6775 (B) [D] 
           Marinobacter persicus UTICA-S1B3 (B) [D] 
           Marinobacter psychrophilus 20041 (B) [D] 
           Marinobacter salinus Hb8 (B) [D] 
           Marinobacter salsuginis SD-14B (B) [D] 
           Marinobacter santoriniensis NKSG1 (B) [P] 
           Marinobacter zhejiangensis CGMCC 1.7061 (B) [D] 
        Colwelliaceae Colwellia Colwellia chukchiensis CGMCC 1.9127 (B) [D] 
         Colwellia piezophila ATCC BAA-637 (B) [P] 
           Colwellia psychrerythraea 34H (B) [F] 
          Thalassomonas Thalassomonas actiniarum A5K-106 (B) [D] 
          Thalassomonas viridans XOM25 (B) [D] 
          Thalassotalea Thalassotalea sp. ND16A (B) [D] 
        Moritellaceae Moritella Moritella dasanensis ArB 0140 (B) [P] 
         Moritella marina ATCC 15381 (B) [P] 
        Pseudoalteromonadaceae Pseudoalteromonas Pseudoalteromonas denitrificans DSM 6059 (B) [D] 
         Pseudoalteromonas lipolytica CGMCC 1.8499 (B) [D] 
        Psychromonadaceae Psychromonas Psychromonas aquimarina ATCC BAA-1526 (B) [P] 
         Psychromonas hadalis ATCC BAA-638 (B) [P] 
           Psychromonas ingrahamii 37 (B) [F] 
           Psychromonas ossibalaenae ATCC BAA-1528 (B) [P] 
        Shewanellaceae Shewanella Shewanella denitrificans OS217 (B) [F] 
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         Shewanella loihica PV-4 (B) [F] 
      Cardiobacteriales Cardiobacteriaceae Cardiobacterium Cardiobacterium hominis ATCC 15826 (B) [P] 
        Cardiobacterium valvarum F0432 (B) [P] 
      Cellvibrionales Microbulbiferaceae Microbulbifer Microbulbifer yueqingensis CGMCC 1.10658 (B) [D] 
      Chromatiales Chromatiaceae Thiocapsa Thiocapsa marina 5811, DSM 5653 (B) [P] 
        Thiocapsa roseopersicina DSM 217 (B) [D] 
        Ectothiorhodospiraceae Alkalilimnicola Alkalilimnicola ehrlichii MLHE-1 (B) [F] 
          Arhodomonas Arhodomonas aquaeolei DSM 8974 (B) [P] 
          Thioalkalivibrio Thioalkalivibrio nitratireducens DSM 14787 (B) [F] 
          Thioalkalivibrio paradoxus ARh 1 (B) [F] 
           Thioalkalivibrio sulfidophilus HL-EbGR7 (B) [F] 
           Thioalkalivibrio thiocyanodenitrificans ARhD 1 (B) [P] 
        unclassified unclassified unclassified Chromatiales Bin 61-2 (B) [D] 
      Nevskiales Sinobacteraceae Steroidobacter Steroidobacter denitrificans DSM 18526 (B) [D] 
      Oceanospirillales Alcanivoracaceae Alcanivorax Alcanivorax dieselolei B5 (B) [F] 
        Hahellaceae Hahella Hahella chejuensis KCTC 2396 (B) [F] 
         Hahella ganghwensis DSM 17046 (B) [P] 
        Halomonadaceae Halomonas Halomonas chromatireducens AGD 8-3 (B) [D] 
         Halomonas daqiaogenesis CGMCC 1.9150 (B) [D] 
           Halomonas daqingensis CGMCC 1.6443 (B) [D] 
           Halomonas gudaonensis CGMCC 1.6133 (B) [D] 
           Halomonas halodenitrificans DSM 735 (B) [P] 
           Halomonas ilicicola DSM 19980 (B) [P] 
           Halomonas korlensis CGMCC 1.6981 (B) [D] 
           Halomonas saccharevitans CGMCC 1.6493 (B) [D] 
           Halomonas salina (B) [D] 
           Halomonas shengliensis CGMCC 1.6444 (B) [D] 
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           Halomonas subglaciescola ACAM 12 (B) [D] 
           Halomonas ventosae USBA 854 (B) [D] 
           Halomonas xianhensis CGMCC 1.6848 (B) [D] 
           Halomonas xinjiangensis TRM 0175 (B) [D] 
        Oceanospirillaceae Amphritea Amphritea japonica ATCC BAA-1530 (B) [P] 
          Balneatrix Balneatrix alpica DSM 16621 (B) [P] 
          Marinobacterium Marinobacterium jannaschii DSM 6295 (B) [P] 
          Neptunomonas Neptunomonas antarctica DSM 22306 (B) [D] 
          Neptunomonas japonica DSM 18939 (B) [P] 
           Neptunomonas qingdaonensis CGMCC 1.10971 (B) [D] 
          Oleispira Oleispira antarctica RB-8 (B) [D] 
        Saccharospirillaceae Reinekea Reinekea blandensis MED297 (B) [P] 
      Pseudomonadales Pseudomonadaceae Pseudomonas Pseudomonas aeruginosa 8380 (B) [D] 
        Pseudomonas balearica DSM 6083 (B) [D] 
           Pseudomonas bauzanensis W13Z2 (B) [P] 
           Pseudomonas benzenivorans DSM 8628 (B) [D] 
           Pseudomonas borbori LMG 23199 (B) [D] 
           Pseudomonas brassicacearum DF41 (B) [F] 
           Pseudomonas brenneri DSM 15294 (B) [D] 
           Pseudomonas caeni DSM 24390 (B) [P] 
           Pseudomonas chengduensis DSM 26382 (B) [D] 
           Pseudomonas chloritidismutans AW-1 (B) [D] 
           
Pseudomonas chlororaphis UFB2 genome sequencing and analysis (B) 
[F] 
           Pseudomonas citronellolis P3B5 (B) [D] 
           Pseudomonas corrugata LMG 2172 (B) [D] 
           Pseudomonas delhiensis RLD-1 (B) [D] 
           Pseudomonas extremaustralis DSM 17835 (B) [D] 
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           Pseudomonas flexibilis ATCC 29606 (B) [D] 
           Pseudomonas tuomuerensis CGMCC 1.1365 (B) [D] 
           Pseudomonas fluorescens F113 (B) [F] 
           Pseudomonas formosensis JCM 18415 (B) [D] 
           Pseudomonas frederiksbergensis AS1 (B) [D] 
           Pseudomonas grimontii DSM 17515 (B) [D] 
           Pseudomonas hussainii JCM 19513 (B) [D] 
           Pseudomonas indica JCM 21544 (B) [D] 
           Pseudomonas jinjuensis JCM 21621 (B) [D] 
           Pseudomonas kilonensis 1855-344 (B) [D] 
           Pseudomonas kunmingensis DSM 25974 (B) [D] 
           Pseudomonas lini DSM 16768 (B) [D] 
           Pseudomonas litoralis CECT 7670 (B) [D] 
           Pseudomonas mandelii JR-1 (B) [P] 
           Pseudomonas mendocina NK-01 (B) [F] 
           Pseudomonas mucidolens LMG 2223 (B) [D] 
           Pseudomonas nitroreducens HBP1 (B) [P] 
           Pseudomonas otitidis LNU-E-001 (B) [P] 
           Pseudomonas veronii LMG 17761 (B) [D] 
           Pseudomonas pelagia CL-AP6 (B) [P] 
           Pseudomonas peli LMG 23201 (B) [D] 
           Pseudomonas pertucinogena DSM 18268 (B) [P] 
           Pseudomonas pohangensis DSM 17875 (B) [D] 
           Pseudomonas proteolytica LMG 22710 (B) [D] 
           Pseudomonas denitrificans ATCC 13867 (B) [F] 
           Pseudomonas brassicacearum PA1G7 (B) [D] 
           Pseudomonas fluorescens PA3G8 (B) [D] 
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           Pseudomonas stutzeri 19SMN4 (B) [F] 
           Pseudomonas stutzeri 273 (B) [D] 
           Pseudomonas syringae CEB003 (B) [D] 
           Pseudomonas thivervalensis DSM 13194 (B) [D] 
           Pseudomonas veronii 1YB2 (B) [D] 
           Pseudomonas xanthomarina DSM 18231 (B) [D] 
           Pseudomonas xiamenensis DSM 22326 (B) [P] 
           Pseudomonas yangmingensis DSM 24213 (B) [D] 
          Rugamonas Rugamonas rubra ATCC 43154 (B) [D] 
        unclassified unclassified 
Pseudomonadales bacterium RIFCSPHIGHO2_01_FULL_64_12 (B) 
[P] 
      Salinisphaerales Salinisphaeraceae Salinisphaera Salinisphaera shabanensis E1L3A (B) [P] 
      Thiotrichales Thiotrichaceae Thiomargarita Thiomargarita nelsonii bud S10 (B) [P] 
          Thioploca Thioploca ingrica (B) [D] 
      Vibrionales Vibrionaceae Photobacterium Photobacterium profundum SS9 (B) [F] 
          Vibrio Vibrio orientalis CIP 102891 (B) [P] 
          Vibrio tubiashii ATCC 19109 (B) [D] 
      Xanthomonadales Rhodanobacteraceae Dyella Dyella jiangningensis SBZ 3-12 (B) [F] 
          Rhodanobacter Rhodanobacter denitrificans 2APBS1 (B) [F] 
          Rhodanobacter fulvus Jip2 (B) [P] 
           Rhodanobacter spathiphylli B39 (B) [P] 
           Rhodanobacter thiooxydans LCS2 (B) [P] 
        Xanthomonadaceae Lysobacter Lysobacter sp. A03 (B) [D] 
      unclassified Competibacteraceae 
Candidatus 
Competibacter 
Candidatus Competibacter denitrificans Run_A_D11 (B) [D] 
        unclassified Dechloromarinus Dechloromarinus chlorophilus NSS (B) [P] 
          Sedimenticola Sedimenticola selenatireducens DSM 17993 (B) [P] 
          Sedimenticola thiotaurini SIP-G1 (B) [F] 
          Thiohalorhabdus Thiohalorhabdus denitrificans HL19 (B) [P] 
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          unclassified Gammaproteobacteria bacterium RIFOXYA12_FULL_61_12 (B) [P] 
          gamma proteobacterium sp. HdN1 (B) [F] 
    Hydrogenophilalia Hydrogenophilales unclassified unclassified Hydrogenophilales bacterium RIFOXYD1_FULL_62_11 (B) [P] 
       
       
nosZ Group II      
Domain Phylum Class Order Family Genus Species 
Bacteria Acidobacteria 
Acidobacteria 
subdivision 6 
unclassified Vicinamibacteraceae Luteitalea Luteitalea pratensis DSM 100886 (B) [D] 
    unclassified unclassified unclassified unclassified Acidobacteria bacterium RIFCSPLOWO2_02_FULL_67_36 (B) [P] 
       Acidobacteria bacterium RIFCSPLOWO2_12_FULL_66_21 (B) [P] 
  Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella Prevotella denticola F0289 (B) [F] 
      Prevotella histicola F0411 (B) [P] 
           Prevotella multisaccharivorax PPPA20, DSM 17128 (B) [P] 
           Prevotella oulorum ATCC 43324 (B) [P] 
           Prevotella veroralis DSM 19559 (B) [P] 
          unclassified Prevotellaceae bacterium KH2P17 (B) [D] 
        unclassified Phocaeicola Phocaeicola abscessus CCUG 55929 (B) [P] 
    Chitinophagia Chitinophagales Chitinophagaceae Arachidicoccus Arachidicoccus rhizosphaerae Vu-144 (B) [D] 
          Asinibacterium Asinibacterium sp. OR43 (B) [P] 
          Chitinophaga Chitinophaga eiseniae DSM 22224 (B) [D] 
          Chitinophaga filiformis DSM 527 (B) [D] 
           Chitinophaga ginsengisoli DSM 18107 (B) [D] 
           Chitinophaga japonensis DSM 13484 (B) [D] 
           Chitinophaga rupis DSM 21039 (B) [D] 
          Cnuella Cnuella takakiae DSM 26897 (B) [D] 
          Crenotalea Crenotalea thermophila DSM 14807 (B) [D] 
          Flavihumibacter Flavihumibacter petaseus NBRC 106054 (B) [D] 
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          Flavihumibacter solisilvae 3-3 (B) [D] 
          Flavisolibacter Flavisolibacter ginsengisoli DSM 18119 (B) [P] 
          Flavisolibacter ginsengiterrae DSM 18136 (B) [P] 
          Hydrobacter Hydrobacter penzbergensis DSM 25353 (B) [D] 
          Hydrotalea Hydrotalea sandarakina DSM 23241 (B) [P] 
          Lacibacter Lacibacter cauensis CGMCC 1.7271 (B) [D] 
          Niabella Niabella drilacis DSM 25811 (B) [D] 
          Parafilimonas Parafilimonas terrae DSM 28286 (B) [D] 
          Sediminibacterium Sediminibacterium goheungense DSM 28323 (B) [D] 
          Thermoflavifilum Thermoflavifilum aggregans DSM 27268 (B) [D] 
          unclassified Chitinophagaceae bacterium EBPR_Bin_677 (B) [P] 
    Cytophagia Cytophagales Cyclobacteriaceae Algoriphagus Algoriphagus alkaliphilus DSM 22703 (B) [P] 
       Algoriphagus aquaeductus DSM 19759 (B) [D] 
           Algoriphagus boritolerans DSM 17298 (B) [D] 
           Algoriphagus faecimaris DSM 23095 (B) [D] 
           Algoriphagus halophilus DSM 15292 (B) [D] 
           Algoriphagus hitonicola DSM 19315 (B) [D] 
           Algoriphagus mannitolivorans DSM 15301 (B) [P] 
           Algoriphagus ornithinivorans DSM 15282 (B) [D] 
          Aquiflexum Aquiflexum balticum BA160, DSM 16537 (B) [F] 
          Belliella Belliella baltica DSM 15883 (B) [F] 
          Belliella buryatensis 5C (B) [D] 
           Belliella pelovolcani DSM 46698 (B) [D] 
          Cecembia Cecembia lonarensis LW9 (B) [P] 
          Cecembia rubra DSM 28057 (B) [D] 
          Cyclobacterium Cyclobacterium lianum CGMCC 1.6102 (B) [D] 
          Fontibacter Fontibacter flavus DSM 22241 (B) [D] 
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          Mariniradius Mariniradius saccharolyticus AK6 (B) [P] 
        Cytophagaceae Anditalea Anditalea andensis LY1 (B) [P] 
          Dyadobacter Dyadobacter fermentans NS114, DSM 18053 (B) [F] 
          Dyadobacter psychrophilus DSM 22270 (B) [P] 
          Ekhidna Ekhidna lutea DSM 19307 (B) [D] 
          Ohtaekwangia Ohtaekwangia kribbensis DSM 25221 (B) [P] 
          Rhodonellum Rhodonellum ikkaensis DSM 17997 (B) [D] 
          Rhodonellum psychrophilum DSM 17998 (B) [P] 
          Rudanella Rudanella lutea DSM 19387 (B) [P] 
          Runella Runella limosa DSM 17973 (B) [P] 
          Runella slithyformis LSU4, DSM 19594 (B) [F] 
           Runella zeae DSM 19591 (B) [P] 
        Flammeovirgaceae Cesiribacter Cesiribacter andamanensis AMV16 (B) [P] 
          Flexithrix Flexithrix dorotheae DSM 6795 (B) [P] 
          Fulvivirga Fulvivirga imtechensis AK7 (B) [P] 
          Marivirga Marivirga tractuosa H-43, DSM 4126 (B) [F] 
          Nafulsella Nafulsella turpanensis ZLM-10 (B) [P] 
          Thermonema Thermonema rossianum DSM 10300 (B) [P] 
        Hymenobacteraceae Hymenobacter Hymenobacter sp. DG25B (B) [F] 
          Pontibacter Pontibacter actiniarum KMM 6156, DSM 19842 (B) [P] 
          Pontibacter akesuensis AKS 1T (B) [D] 
           Pontibacter chinhatensis LP51 (B) [D] 
           Pontibacter indicus LP100 (B) [D] 
           Pontibacter lucknowensis DM9 (B) [D] 
           Pontibacter ramchanderi LP43 (B) [D] 
           Pontibacter roseus DSM 17521 (B) [P] 
           Pontibacter ummariensis DSM 100161 (B) [D] 
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           Pontibacter ummariensis NKM1 (B) [D] 
          Rufibacter Rufibacter sp. DG15C (B) [D] 
        unclassified Chryseolinea Chryseolinea serpens DSM 24574 (B) [D] 
          unclassified Cytophagales bacterium EBPR_Bin_339 (B) [P] 
      Rhodothermales Rhodothermaceae Salisaeta Salisaeta longa DSM 21114 (B) [P] 
    Flavobacteriia Flavobacteriales Cryomorphaceae Owenweeksia Owenweeksia hongkongensis DSM 17368 (B) [F] 
        Flavobacteriaceae Aequorivita Aequorivita capsosiphonis DSM 23843 (B) [P] 
         Aequorivita sublithincola QSSC9-3, DSM 14238 (B) [F] 
           Aequorivita viscosa CGMCC 1.11023 (B) [D] 
           Aequorivita vladivostokensis KMM 3516 (B) [D] 
          Algibacter Algibacter alginicilyticus HZ22 (B) [D] 
          Aquimarina Aquimarina atlantica 22II-S11-z7 (B) [P] 
          Aquimarina longa SW024 (B) [D] 
           Aquimarina macrocephali JAMB N27 (B) [P] 
           Aquimarina megaterium XH134 (B) [P] 
           Aquimarina muelleri DSM 19832 (B) [P] 
          Arenibacter Arenibacter algicola TG409 (B) [P] 
          Arenibacter certesii DSM 19833 (B) [P] 
           Arenibacter echinorum DSM 23522 (B) [P] 
           Arenibacter latericius DSM 15913 (B) [P] 
           Arenibacter nanhaiticus CGMCC 1.8863 (B) [D] 
           Arenibacter palladensis DSM 17539 (B) [D] 
           Arenibacter troitsensis DSM 19835 (B) [D] 
          Arenitalea Arenitalea lutea CGMCC 1.12213 (B) [D] 
          Flavobacteriaceae bacterium P7-3-5 (B) [P] 
          Bizionia Bizionia argentinensis JUB59, DSM 19628 (B) [P] 
          Bizionia echini DSM 23925 (B) [D] 
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          Capnocytophaga Capnocytophaga cynodegmi Ccy74 (B) [D] 
          Capnocytophaga gingivalis ATCC 33624 (B) [P] 
           Capnocytophaga granulosa ATCC 51502 (B) [P] 
          Cellulophaga Cellulophaga algicola IC166, DSM 14237 (B) [F] 
          Cellulophaga tyrosinoxydans DSM 21164 (B) [P] 
          Chryseobacterium Chryseobacterium antarcticum DSM 17047 (B) [D] 
          Chryseobacterium chaponense DSM 23145 (B) [D] 
           Chryseobacterium haifense DSM 19056 (B) [D] 
           Chryseobacterium jeonii DSM 17048 (B) [D] 
           Chryseobacterium koreense CCUG 49689 (B) [D] 
           Chryseobacterium palustre DSM 21579 (B) [P] 
           Chryseobacterium solincola DSM 22468 (B) [D] 
           Chryseobacterium treverense DSM 22251 (B) [D] 
          Cloacibacterium Cloacibacterium normanense DSM 15886 (B) [D] 
          Eudoraea Eudoraea adriatica DSM 19308 (B) [P] 
          Flavobacterium Flavobacterium aciduliphilum DSM 25663 (B) [D] 
          Flavobacterium aquaticum CGMCC 1.12398 (B) [D] 
           Flavobacterium aquatile LMG 4008 (B) [D] 
           Flavobacterium caeni CGMCC 1.7031 (B) [D] 
           Flavobacterium cauense CGMCC 1.7270 (B) [D] 
           Flavobacterium cheniae CGMCC 1.6844 (B) [D] 
           Flavobacterium columnare 94-081 (B) [D] 
           Flavobacterium cucumis DSM 18830 (B) [D] 
           Flavobacterium cutihirudinis DSM 25795 (B) [D] 
           Flavobacterium denitrificans DSM 15936 (B) [P] 
           Flavobacterium enshiense DK69 (B) [P] 
           Flavobacterium filum DSM 17961 (B) [P] 
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           Flavobacterium fluvii DSM 19978 (B) [D] 
           Flavobacterium gelidilacus DSM 15343 (B) [P] 
           Flavobacterium haoranii DSM 22807 (B) [D] 
           Flavobacterium limnosediminis JC2902 (B) [P] 
           Flavobacterium nitrogenifigens DSM 29982 (B) [D] 
           Flavobacterium saliperosum S13 (B) [P] 
           Flavobacterium sasangense DSM 21067 (B) [P] 
           Flavobacterium sinopsychrotolerans CGMCC 1.8704 (B) [D] 
           Flavobacterium suncheonense GH29-5, DSM 17707 (B) [P] 
           Flavobacterium urumqiense CGMCC 1.9230 (B) [D] 
           Flavobacterium xinjiangense CGMCC 1.2749 (B) [D] 
           Flavobacterium xueshanense CGMCC 1.9227 (B) [D] 
          Formosa Formosa spongicola DSM 22637 (B) [P] 
          Gaetbulibacter Gaetbulibacter saemankumensis DSM 17032 (B) [P] 
          Gelidibacter Gelidibacter algens DSM 12408 (B) [P] 
          Gelidibacter mesophilus DSM 14095 (B) [P] 
           Gelidibacter sediminis DSM 28135 (B) [D] 
          Gillisia Gillisia limnaea R-8282, DSM 15749 (B) [P] 
          Gramella Gramella forsetii KT0803 (B) [F] 
          Hyunsoonleella Hyunsoonleella jejuensis DSM 21035 (B) [D] 
          
Ichthyenterobacteriu
m 
Ichthyenterobacterium magnum DSM 26283 (B) [D] 
          Imtechella Imtechella halotolerans K1 (B) [P] 
          Jejuia Jejuia pallidilutea DSM 21165 (B) [D] 
          Kriegella Kriegella aquimaris DSM 19886 (B) [D] 
          Lacinutrix Lacinutrix himadriensis KCTC 23612 (B) [D] 
          Lacinutrix jangbogonensis PAMC 27137 (B) [D] 
          Lutibacter Lutibacter flavus DSM 27993 (B) [D] 
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          Lutibacter maritimus DSM 24450 (B) [D] 
           Lutibacter oceani 325-5 (B) [D] 
           Lutibacter profundi LP1 (B) [D] 
          Mangrovimonas Mangrovimonas yunxiaonensis LY01 (B) [D] 
          Maribacter Maribacter aquivivus DSM 16478 (B) [D] 
          Maribacter arcticus DSM 23546 (B) [P] 
           Maribacter polysiphoniae DSM 23514 (B) [P] 
           Maribacter thermophilus HT7-2 (B) [D] 
           Maribacter ulvicola DSM 15366 (B) [D] 
          Mesoflavibacter Mesoflavibacter zeaxanthinifaciens DSM 18436 (B) [P] 
          Muricauda Muricauda antarctica DSM 26351 (B) [D] 
          Muricauda lutaonensis CC-HSB-11 (B) [D] 
           Muricauda ruestringensis B1, DSM 13258 (B) [F] 
           Muricauda zhangzhouensis CGMCC 1.11028 (B) [D] 
          Muriicola Muriicola jejuensis DSM 21206 (B) [D] 
          Myroides Myroides injenensis M09-0166 (B) [P] 
          Myroides odoratimimus ATCC BAA-634 (B) [D] 
           Myroides sp. A21 (B) [D] 
          Olleya Olleya aquimaris DSM 24464 (B) [P] 
          Olleya namhaensis DSM 28881 (B) [D] 
          Pricia Pricia antarctica DSM 23421 (B) [D] 
          Psychroflexus Psychroflexus gondwanensis ACAM 44 (B) [P] 
          Psychroflexus halocasei DSM 23581 (B) [D] 
           Psychroflexus tropicus DSM 15496 (B) [P] 
          Psychroserpens Psychroserpens burtonensis DSM 12212 (B) [P] 
          Psychroserpens jangbogonensis PAMC 27130 (B) [D] 
           Psychroserpens mesophilus JCM 13413 (B) [D] 
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          Riemerella Riemerella anatipestifer CH3 (B) [F] 
          Riemerella columbina DSM 16469 (B) [P] 
           Riemerella columbipharyngis DSM 24015 (B) [D] 
          Robiginitalea Robiginitalea biformata HTCC2501 (B) [F] 
          Robiginitalea myxolifaciens DSM 21019 (B) [D] 
          Salegentibacter Salegentibacter agarivorans DSM 23515 (B) [D] 
          Salegentibacter echinorum DSM 24579 (B) [D] 
           Salegentibacter flavus DSM 17794 (B) [D] 
           Salegentibacter holothuriorum DSM 23405 (B) [P] 
           Salegentibacter mishustinae DSM 23404 (B) [P] 
           Salegentibacter salarius DSM 23401 (B) [P] 
           Salegentibacter salegens ACAM 48 (B) [D] 
           Salegentibacter salinarum DSM 23400 (B) [P] 
          Salinimicrobium Salinimicrobium catena CGMCC 1.6101 (B) [D] 
          Salinimicrobium sediminis CGMCC 1.12641 (B) [D] 
           Salinimicrobium terrae DSM 17865 (B) [P] 
           Salinimicrobium xinjiangense DSM 19287 (B) [P] 
          Spongiibacterium Spongiibacterium flavum DSM 22638 (B) [D] 
          Spongiibacterium pacificum DSM 25885 (B) [D] 
          Tenacibaculum Tenacibaculum ovolyticum DSM 18103 (B) [P] 
          Ulvibacter Ulvibacter antarcticus DSM 23424 (B) [D] 
          Ulvibacter litoralis DSM 16195 (B) [D] 
          Winogradskyella Winogradskyella jejuensis DSM 25330 (B) [D] 
          Winogradskyella thalassocola DSM 15363 (B) [D] 
          Xanthomarina Xanthomarina gelatinilytica AK20 (B) [P] 
          Zhouia Zhouia amylolytica AD3 (B) [P] 
          Zobellia Zobellia galactanivorans DsijT (B) [D] 
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          Zobellia uliginosa DSM 2061 (B) [D] 
          unclassified Flavobacteriaceae bacterium 3519-10 (B) [F] 
          Flavobacteriaceae bacterium UJ101 (B) [D] 
    Saprospiria Saprospirales Haliscomenobacteraceae Haliscomenobacter Haliscomenobacter hydrossis O, DSM 1100 (B) [F] 
          Phaeodactylibacter Saprospiraceae bacterium KD52 (B) [D] 
        Lewinellaceae Lewinella Lewinella cohaerens DSM 23179 (B) [P] 
         Lewinella persica DSM 23188 (B) [P] 
        Saprospiraceae unclassified Saprospiraceae bacterium EBPR_Bin_193 (B) [P] 
    Sphingobacteriia Sphingobacteriales Chitinophagaceae Niabella Niabella soli JS13-8, DSM 19437 (B) [F] 
          Niastella Niastella koreensis GR20-10, DSM 17620 (B) [F] 
          Segetibacter Segetibacter koreensis DSM 18137 (B) [P] 
        Sphingobacteriaceae Arcticibacter Arcticibacter pallidicorallinus CGMCC 1.9313 (B) [D] 
         Arcticibacter svalbardensis MN12-7 (B) [P] 
          Mucilaginibacter Mucilaginibacter gossypii Gh-67 (B) [D] 
          Parapedobacter Parapedobacter indicus RK1 (B) [D] 
          Parapedobacter koreensis Jip14 (B) [D] 
          Pedobacter Pedobacter arcticus A12 (B) [P] 
          Pedobacter glucosidilyticus DD6b (B) [D] 
           Pedobacter luteus DSM 22385 (B) [P] 
           Pedobacter nutrimenti DSM 27372 (B) [D] 
           Pedobacter nyackensis DSM 19625 (B) [D] 
           Pedobacter oryzae DSM 19973 (B) [P] 
           Pedobacter ruber DSM 24536 (B) [D] 
           Pedobacter steynii DSM 19110 (B) [D] 
          Pseudopedobacter Pseudopedobacter saltans DSM 12145 (B) [F] 
          Solitalea Solitalea canadensis USAM 9D, DSM 3403 (B) [F] 
          Sphingobacterium Sphingobacterium mizutaii DSM 11724 (B) [D] 
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          Sphingobacterium multivorum DSM 11691 (B) [P] 
           Sphingobacterium nematocida DSM 24091 (B) [P] 
           Sphingobacterium psychroaquaticum DSM 22418 (B) [P] 
           Sphingobacterium siyangensis CGMCC 1.6855 (B) [D] 
           Sphingobacterium wenxiniae DSM 22789 (B) [D] 
    unclassified 
Bacteroidetes Order II. 
Incertae sedis 
Rhodothermaceae Salinibacter Salinibacter ruber M31, DSM 13855 (B) [F] 
  Firmicutes Bacilli Bacillales Bacillaceae Anoxybacillus Anoxybacillus flavithermus TNO-09.006 (B) [P] 
          Bacillus Bacillus azotoformans LMG 9581 (B) [P] 
          Bacillus boroniphilus JCM 21738 (B) [D] 
           Bacillus campisalis SA2-6 (B) [D] 
           Bacillus jeddahensis JCE (B) [D] 
           Bacillus massiliosenegalensis JC6 (B) [P] 
           Bacillus niacini F8 (B) [D] 
           Bacillus novalis NBRC 102450 (B) [D] 
           Bacillus oceanisediminis CGMCC 1.10115 (B) [D] 
           Bacillus oryziterrae ZYK (B) [P] 
           Bacillus persicus DSM 25386 (B) [D] 
           Bacillus rubiinfantis mt2 (B) [D] 
           Bacillus selenatarsenatis SF-1 (B) [D] 
           Bacillus solani FJAT-18043 (B) [D] 
           Bacillus sp. FJAT-18017 (B) [D] 
           Bacillus vireti DSM 15602 (B) [D] 
          Geobacillus Geobacillus kaustophilus NBRC 102445 (B) [D] 
          Geobacillus stearothermophilus 22 (B) [P] 
           Geobacillus subterraneus KCTC 3922 (B) [D] 
           Geobacillus thermodenitrificans NG80-2 (B) [F] 
          Lysinibacillus Lysinibacillus sphaericus LMG 22257 (B) [D] 
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          Parageobacillus Parageobacillus caldoxylosilyticus CIC9 (B) [P] 
          Thalassobacillus Thalassobacillus cyri CCM7597 (B) [D] 
        Paenibacillaceae Aneurinibacillus Aneurinibacillus migulanus DSM 2895 (B) [D] 
         Aneurinibacillus tyrosinisolvens LL-002 (B) [D] 
        Thermoactinomycetaceae Planifilum Planifilum fimeticola DSM 44946 (B) [D] 
         Planifilum fulgidum DSM 44945 (B) [D] 
    Clostridia Clostridiales Peptococcaceae Desulfitobacterium Desulfitobacterium chlororespirans DSM 11544 (B) [P] 
       Desulfitobacterium dehalogenans JW/IU-DC1, ATCC 51507 (B) [F] 
           Desulfitobacterium dichloroeliminans LMG P-21439 (B) [F] 
           Desulfitobacterium hafniense Y51 (B) [F] 
          Desulfosporosinus Desulfosporosinus meridiei S10, DSM 13257 (B) [F] 
          Desulfosporosinus youngiae JW/YJL-B18, DSM 17734 (B) [P] 
           Desulfosporosinus sp. Sv. Desulfo HCS1 (B) [D] 
          Desulfotomaculum Desulfotomaculum ruminis DL, DSM 2154 (B) [F] 
  Proteobacteria Deltaproteobacteria Myxococcales Anaeromyxobacteraceae Anaeromyxobacter Anaeromyxobacter dehalogenans 2CP-1 (B) [F] 
      Anaeromyxobacter sp. K (B) [F] 
      Syntrophobacterales Syntrophaceae Desulfomonile Desulfomonile tiedjei DCB-1, DSM 6799 (B) [F] 
    Oligoflexia Bacteriovoracales Bacteriovoracaceae Bacteriovorax Bacteriovorax-21 (UID3187) (B) [D] 
  Verrucomicrobia Opitutae Opitutales Opitutaceae Geminisphaera Geminisphaera colitermitum TAV2 (B) [P] 
          Opitutus Opitutus terrae PB90-1 (B) [F] 
          unclassified Opitutaceae sp. TAV5 (B) [F] 
          Opitutaceae bacterium TSB47 (B) [D] 
      unclassified unclassified unclassified Opitutae-129 (UID2982) (B) [D] 
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Reactions. 
Target Location Sample Ct NTC Ct Sample σ2 NTC σ2 df t α < 0.05? 
Beta amoA RK Falk Ox Ditch 02/14/18 21.16595 38.12077 0.25 0.03 2.06 116.43 Significant  
Falk RAS 02/14/18 21.13758 38.12077 0.51 0.03 2.01 58.03 Significant  
SCB Aero 1:100 24.18028 38.12077 0.41 0.03 2.02 59.41 Significant  
SCB Ana 1:100 23.92412 38.12077 0.27 0.03 2.05 90.28 Significant  
SCB Clar 1:100 22.94996 38.12077 0.33 0.03 2.03 78.55 Significant  
SCB D Filt 1:100 27.64916 38.12077 0.37 0.03 2.03 49.61 Significant  
NTC 38.12077 38.12077 0.00 0.03 #DIV/0! 0.00 FALSE 
COMA amoA RK Falk Ox Ditch 02/14/18 25.5341 34.38226 0.41 0.09 2.21 36.56 Significant  
Falk RAS 02/14/18 26.33157 34.38226 0.33 0.09 2.33 42.21 Significant  
SCB Aero 1:10 29.95768 34.38226 0.97 0.09 2.04 7.88 Significant  
SCB Ana 1:10 29.92517 34.38226 0.45 0.09 2.17 16.87 Significant  
SCB Clar 1:10 27.58308 34.38226 0.55 0.09 2.12 21.18 Significant  
SCB D Filt 1:10 32.16821 34.38226 0.73 0.09 2.07 5.22 Significant  
NTC 34.38226 34.38226 0.00 0.09 #DIV/0! 0.00 FALSE 
Peri nxrB RK Falk Ox Ditch 02/14/18 21.35958 34.87062 0.57 0.54 3.99 31.72 Significant  
Falk RAS 02/14/18 20.95562 34.87062 0.58 0.54 3.99 32.23 Significant  
SCB Aero 1:100 27.38709 34.87062 0.71 0.54 3.75 14.69 Significant  
SCB Ana 1:100 27.07007 34.87062 0.39 0.54 3.61 24.16 Significant  
SCB Clar 1:100 26.40582 34.87062 0.55 0.54 4.00 20.29 Significant  
SCB D Filt 1:100 31.11674 34.87062 0.63 0.54 3.91 8.07 Significant  
NTC 34.87062 34.87062 0.00 0.54 #DIV/0! 0.00 FALSE 
nosZ-I RK Falk Ox Ditch 02/14/18 23.26204 37.15371 0.13 2.77 2.01 5.27 Significant  
Falk RAS 02/14/18 23.5756 37.15371 0.21 2.77 2.02 5.07 Significant  
SCB Aero 1:100 26.97265 37.15371 0.29 2.77 2.05 3.73 Significant  
SCB Ana 1:100 26.63974 37.15371 0.52 2.77 2.14 3.68 Significant  
SCB Clar 1:100 25.72137 37.15371 0.49 2.77 2.12 4.02 Significant  
SCB D Filt 1:100 26.15244 37.15371 1.10 2.77 2.62 3.44 Significant  
NTC 37.15371 37.15371 0.00 2.77 #DIV/0! 0.00 FALSE 
nosZ-II RK Falk Ox Ditch 02/14/18 28.94612 42.4233 0.62 2.37 2.27 6.03 Significant  
Falk RAS 02/14/18 27.89115 42.4233 0.63 2.37 2.28 6.49 Significant  
SCB Aero 1:100 30.64132 42.4233 0.76 2.37 2.40 5.08 Significant  
SCB Ana 1:100 30.32766 42.4233 0.63 2.37 2.28 5.40 Significant  
SCB Clar 1:100 29.40258 42.4233 0.44 2.37 2.14 6.10 Significant  
SCB D Filt 1:100 31.77065 42.4233 0.76 2.37 2.40 4.60 Significant  
NTC 42.4233 42.4233 0.00 2.37 #DIV/0! 0.00 FALSE 
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Environmental Samples. 
Cloned 
Sequence 
ID 
DNA Sequence 
Beta amoA 
RK 01 
GACTGGGACTTCTGGCTTGACTGGAAAGATCGTAAATGGTGGCCGGTTGTAACGCCAATCGTGGGGATCACCTACT
GTTCAGCAATCATGTATTACTTGTGGGTCAACTACCGCCAACCGTTTGGTGCAACGTTGTGTGTGGTGTGTCTGCTG
ATTGGTGAGTGGCTGGCACGTGACTGGGGATTCTACTGGTGGTCACA 
Beta amoA 
RK 02 
GACTGGGATTTCTGGATGGATTGGAAAGACCGTCAATGGTGGCCGGTAGTAACACCGATTGTAGGGATGATGTACT
GTGCAGCGCTTATGTATTGCCTGTGGGTTAACTACCGCCTGCCGTTTGGAGCGACACTGTGTATCGTATGTTTGCTAG
TAGGTGAATGGCTAACGCGTTACTGGGGATTTTACTGGTGGTCGCA 
Beta amoA 
RK 03 
GACTGGGATTTCTGGCTTGACTGGAAAGACCGTCAATGGTGGCCGGTAGTAACACCGATCGTAGGTGTAATGTATT
GTGCAGCACTGCAATATTACCTGTGGGTAAACTATCGTTTATCGTACGGAGCGACACTGTGTATCGTATGCCTGTTA
GTAGGCGAATGGCTGACCCGTTACTGGGGTTTTTACTGGTGGTCGCA 
Beta amoA 
RK 04 
GACTGGGATTTCTGGATTGATTGGAAAGACCGTCAATGGTGGCCGGTAGTAACACCGATCGTAGGCGTTATGTATTG
CGCGGCACTGCAATATTACCTGTGGGTAAACTACCGTTTATCCTATGGTGCGACACTGTGTATCGTATGCCTGTTAG
TCGGAGAATGGCTGACCCGTGACTGGGGTTTCTACTGGTGGTCACA 
Beta amoA 
RK 05 
GACTGGGACTTCTGGCTGGATTGGAAAGACCGTCAATGGTGGCCGGTAGTAACACCGATTGTAGGGATCATGTACT
GTGCAGCGCTAATGTATTACCTGTGGGTAAACTATCGCCTGCCGTTTGGAGCGACACTGTGTATCGTATGTTTGCTA
GTAGGTGAATGGCTAACGCGTTACTGGGGTTTTTACTGGTGGTCGCA 
Beta amoA 
RK 06 
GACTGGGATTTCTGGATGGATTGGAAAGACCGTCAATGGTGGCCAGTCGTTACCCCGATTGTGGGCGTGATGTACTG
TGCAGCGATTATGTACTATTTATGGGTTAACTACCGTCTACCGTACGGAGCGACACTGTGTATCGTATGTTTGCTAGT
AGGTGAATGGCTAACACGTTACTGGGGTTTTTACTGGTGGTCGCA 
Beta amoA 
RK 07 
GACTGGGATTTCTGGATGGATTGGAAAGACCGTCAATGGTGGCCGGTAGTAACACCGATTGTAGGGATCATGTACT
GTGCAGCGCTAATGTATTACCTGTGGGTAAACTATCGCCTGCCGTTTGGAGCGACACTGTGTATCGTATGTTTGCTA
GTAGGTGAATGGCTAACGCGTGACTGGGGTTTCTACTGGTGGTCACA 
Beta amoA 
RK 08 
GACTGGGATTTCTGGATTGACTGGAAAGATCGTCAATGGTGGCCAGTAGTTACACCAATTGCTGGTATTACCTACTG
TTCTGCACTCATGTACTATCTGTGGGTTAACTATCGTCAACCGTTTGGTGCGACCTTATGTATCGTATGCTTATTAGT
TGGTGAATGGCTCACACGGTACTGGGGTTTTTACTGGTGGTCACA 
Beta amoA 
RK 09 
GACTGGGATTTCTGGCTGGATTGGAAAGACCGTCAATGGTGGCCGGTAGTAACACCGATTGTAGGGATCATGTACT
GTGCAGCGCTAATGTATTGCCTGTGGGTAAACTATCGCCTGCCGTTTGGAGCGACACTGTGTATCGTATGTTTGCTA
GTAGGTGAATGGCTAACGCGTTACTGGGGATTTTACTGGTGGTCGCA 
Beta amoA 
RK 10 
GACTGGGATTTCTGGATGGACTGGAAAGACCGTCAATGGTGGCCGGTAGTAACACCGATTGTAGGCGTCATGTACT
GTGCAGCGCTAATGTATTACCTGTGGGTAAACTATCGCCTGCCATTTGGAGCGACACTGTGTATCGTATGTTTGCTA
GTAGGTGAATGGCTAACACGTTACTGGGGATTTTACTGGTGGTCGCA 
AOA amoA 
RK 01 
GCATTCAAATATCCAAGGCCGACGTTGCCTCCATACATGACACCGATAGAACCGCAAGTAGGAAAGTTCTATAACA
GTCCAGTTGCGTTAGGTGCAGGTGCAGGTGCGGTATTGGGATGTACATTTGCAGCATTAGGTTGTAAACTGAACACT
TGGACATACCGATGGATGGCCGCTTGGTGAAAG 
AOA amoA 
RK 02 
GCCTTCAAGTATCCGAGACCAACGTTGCCACCATACATGACACCGATAGAACCGCAAGTAGGTAAGTTCTATAACA
GCCCAGTTGCGCTCGGTGCAGGTGCAGGTGCAGTATTGTCGGTAACATTTACGGCCTTAGGTTGTAAACTCAATACT
TGGACTTACAGATGGATGGCCGCATGGAGAAAG 
AOA amoA 
RK 03 
GCATTCAAGTATCCGAGGCCGACGCTGCTACCATACATGACACCGATAGAACCTCAAGTTGGAAAGTTCTATAACA
GCCCAGTGGCTTTAGGTGCAGGTGCGGGTGCAGTATTGGCATGTACTTTTGCAGCGCTAGGTTGCAAACTGAACACT
TGGACATACCGATGGATGGCCG 
AOA amoA 
RK 04 
GCCTTCAAATATCCAAGGCCGACGCTGCCACCATACATGACACCAATCGAACCGCAAGTAGGTAAGTTCTATAACA
GCCCAGTTGCTCTCGGTGCAGGTGCAGGTGCAGTATTGGGATGTACGTTTGCAGCGTTAGGTTGTAAGCTTAATACT
TGGACTTACCGATGGATGGCCGCTTGGTCCAAG 
AOA amoA 
RK 05 
GCCTTCAAGTATCCGAGGCCGACATTGCCACCATACATGACACCTATAGAACCGCAAGTAGGAAAGTTCTATAACA
GTCCAGTTGCTTTAGGTGCTGGTGCTGGTGCAGTATTGTCGGTAACGTTTGCAGCGTTAGGTTGTAAACTTAATACTT
GGACATACCGATGGATGGCCGCCTGGAGAAAG 
AOA amoA 
RK 06 
GCCTTCAAGTATCCAAGGCCAACGCTGCCACCATATATGACACCAATCGAACCGCAAGTAGGTAAGTTCTATAACA
GCCCAGTTGCTCTCGGTGCAGGTGCAGGTGCAGTATTGGCATGTACATTTGCAGCCTTAGGTTGTAAACTGAACACT
TGGACATACAGATGGATGGCCGCGTGGTGCAAG 
AOA amoA 
RK 07 
GCATTCAAGTATCCAAGACCGACGCTGCCACCATACATGACACCGATAGAACCGCAAGTAGGCAAGTTCTATAACA
GCCCAGTTGCTCTCGGTGCCGGTGCAGGTGCAGTATTGGGATGTACATTTGCAGCATTAGGTTGTAAATTGAATACA
TGGACTTACCGATGGATGGCCGCCTGGAGCAAGAAGGGC 
AOA amoA 
RK 08 
GCATTCAAGTATCCGAGGCCGACGTTGCCTCCATACATGACACCGATAGAACCTCAAGTTGGAAAGTTCTATAACA
GCCCAGTGGCTTTAGGTGCAGGTGCGGGTGCAGTATTGGCATGTACTTTTGCAGCGCTAGGTTGCAAACTGAACACT
TGGACATACCGATGGATGGCCGCAT  
AOA amoA 
RK 09 
GCATTCAAGTATCCGAGGCCGACGTTGCCTCCATACATGACACCGATAGAACCTCAAGTTGGAAAGTTCTATAACA
GCCCAGTGGCTTTAGGTGCAGGTGCGGGTGCAGTATTGGCATGTACTTTTGCAGCGCTAGGTTGCAAACTGAACACT
TGGACATACCGATGGATGGCCGCAT 
AOA amoA 
RK 10 
GCCTTCAAGTATCCAAGACCAACATTGCCACCATATATGACACCAATCGAACCGCAAGTAGGGAAGTTCTATAACA
GCCCAGTTGCTCTCGGCGCAGGTGCAGGTGCAGTATTGGGTTGTACAATGGCAGCATTAGGTGTCAAACTGAACAC
TTGGACATACCGATGGATGGCCGCTTGGTGCAAGAAGGGC 
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recovered from environmental samples. 
COMA 
amoA RK  
01 
GGGACCTTCCACATGCACACCGCATTGTTGTGTGGAGACTGGGATTTCTGGCTAGACTGGAAGGATCGGCAATGGT
GGCCGATCGTCACCCCGATTACGACCATTACGTTTTGTGCGGCCCTGCAGTATTACAATTGGGTGAACTATCGTCAG
CCGTTCGGCGCGACGATCACGATTCTGGCGCTTGGGTTCGGAAAGTGGATTGCGGTTTACACTTCTTGGTGGTAAGG
GC 
COMA 
amoA RK 
02 
GGGACCTTTCAATGCACACAGCATTGTTGTGTGGAGACTGGGATTTCTGGCTAGACTGGAAGGATCGGCAATGGTG
GCCCATCGTCACTCCGATTACGACCATTACCTTTTGTGCCGCACTGCAGTATTACAATTGGGTGAACTATCGTCAGC
CGTTCGGCGCGACGATCACGATTCTGGCGCTTGGGTTCGGAAAGTGGATTGCCGTTTACACCTCGTGGTGGT 
COMA 
amoA RK 
03 
GGAACTTTCCACATGCACACGGCATTGTTGTGTGGAGACTGGGATTTCTGGCTAGACTGGAAGGATCGGCAATGGT
GGCCCATCGTCACTCCGATTACGACCATTACCTTTTGTGCCGCACTGCAGTATTACAATTGGGTAAACTATCGTCAG
CCGTTCGGCGCGACGATCACCATTCTGGCTCTCGGTTTCGGAAAGTGGATTGCGGTCTACACCTCGTGGTGGT 
COMA 
amoA RK 
04 
GGGACTTTTCACATGCACACGGCATTGTTGTGTGGAGACTGGGATTTCTGGCTAGACTGGAAGGATCGGCAATGGT
GGCCCATCGTCACTCCGATTACGACCATTACCTTTTGTGCCGCACTGCAGTATTACAATTGGGTAAACTATCGTCAG
CCGTTCGGCGCGACGATCACCATTCTGGCTCTCGGTTTCGGAAAGTGGATTGCCGTTTATACTTCTTGGTGGT 
COMA 
amoA RK 
05 
GGGACTTTTCACATGCACACGGCATTGTTGTGTGGAGACTGGGATTTCTGGCTAGACTGGAAGGATCGGCAATGGT
GGCCCATCGTCACTCCGATTACGACCATTACCTTTTGTGCCGCACTGCAGTATTACAATTGGGTAAACTATCGTCAG
CCGTTCGGCGCGACGATCACCATTCTGGCTCTCGGTTTCGGAAAGTGGATTGCCGTCTACACGTCTTGGTGGT 
COMA 
amoA RK 
06 
GGGACCTTCCATATGCACACGGCATTGTTGTGTGGAGACTGGGATTTCTGGCTAGACTGGAAGGATCGGCAATGGT
GGCCCATCGTCACTCCGATTACGACCATTACCTTTTGTGCCGCACTGCAGTATTACAATTGGGTAAACTATCGTCAG
CCGTTCGGCGCGACGATCACCATTCTGGCTCTCGGTTTCGGAAAGTGGATTGCCGTTTACACGTCTTGGTGGT 
COMA 
amoA RK 
07 
GGGACTTTTCACATGCACACGGCATTGTTGTGTGGAGACTGGGATTTCTGGCTAGACTGGAAGGATCGGCAATGGT
GGCCCATCGTCACTCCGATTACGACCATTACCTTTTGTGCCGCACTGCAGTATTACAATTGGGTAAACTATCGTCAG
CCGTTCGGCGCGACGATCACCATTCTGGCTCTCGGTTTCGGAAAGTGGATTGCCGTTTACACGTCTTGGTGGT 
COMA 
amoA RK 
08 
GGGACTTTCCATATGCACACGGCGTTGTTGTGCGGGGACTGGGACTTCTGGCTCGACTGGAAGGATCGGCAATGGT
GGCCGATCGTCACCCCGATTACGACCATTACGTTTTGTGCGGCCCTGCAGTATTACAATTGGGTGAACTATCGTCAG
CCGTTCGGCGCGACGATCACGATTCTGGCGCTTGGGTTCGGAAAGTGGATTGCGGTCTACACTTCGTGGTGGT 
COMA 
amoA RK  
09 
GGGACTTTTCACATGCACACGGCGTTGTTGTGCGGGGACTGGGACTTCTGGCTCGACTGGAAGGATCGGCAATGGT
GGCCGATCGTCACCCCGATTACGACCATTACGTTTTGTGCGGCCCTGCAGTATTACAATTGGGTGAACTATCGTCAG
CCGTTCGGCGCGACGATCACGATTCTGGCGCTTGGGTTCGGAAAGTGGATTGCCGTCTATACCTCTTGGTGGTAAGG
GC 
COMA 
amoA RK  
10 
GGAACTTTTCATATGCACACGGCATTGTTGTGTGGAGACTGGGATTTCTGGCTAGACTGGAAGGATCGGCAATGGTG
GCCCATCGTCACTCCGATTACGACCATTACCTTTTGTGCCGCACTGCAGTATTACAATTGGGTAAACTATCGTCAGC
CGTTCGGCGCGACGATCACCATTCTGGCTCTCGGTTTCGGAAAGTGGATTGCCGTCTACACGTCGTGGTGGTAAGGG
C 
Peri nxrB 
RK 01 
GTGGAACAACGTGGAGACGAAGCCGTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGCTCATCGAG
CAGGTGAACCCGGGTGGGCAGGTGTGGAACGTGCGGGTCGGCCGCAAGCACCATGCGCCGTACGGGGTGTTCGAA
GGGATGACCATCTTCGACGCGGGCGCTAAAGTAGGCCAGGCGGCGATCGGGTACATTCCGACGGACCAGGAATGG
CGCTTTGTC 
Peri nxrB 
RK 02 
GTGGAACAATGTGGAAACCAAGCCGTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGCTCATCGAG
CAGGTGAACCCGGGCGGGCAGGTGTGGAACGTGCGGATGGGCCGCAAGCACCATGCGCCGTACGGGGTGTTCGAA
GGGATGACCATTTTCGATGCGGGCGCCAAGGTGGGCCAGGCAGCGATCGGGTACATTCCGACGGACCAAGAATGGC
GGTTCGTC 
Peri nxrB 
RK 03 
GTGGAACAATGTGGAGACCAAGCCCTACGGCGGCTATCCGCAGTTCTACGATGTCAAGATCACCCAATTGATTGAG
CAGGTCAATCCAGGCGGACAGGTCTGGAACGTCCGCGTGGGCCGGAAACACCATGCGCCGTACGGCGTGTTCGAAG
GGATGACCATTTTCGACGCCGGGGCCAAAGTGGGACAAGCGGCGATCGGGTACATTCCGACCGACCAAGAATGGC
GCTTCGTC 
Peri nxrB 
RK 04 
GTGGAACAACGTGGAGACCAAGCCGTACGGCGGGTATCCGCAGTTCTACGACGTGAAAATCACCCAGCTCATCGAG
CAGGTGAACCCGGGTGGGCAGGTGTGGAACGTGCGGGTCGGCCGCAAGCACCATGCGCCGTACGGGGTGTTCGAA
GGGATGACCATTTTCGACGCGGGCGCTAAAGTAGGCCAGGCGGCGATCGGGTACATTCCGACGGACCAAGAGTGGC
GGTTCGTC 
Peri nxrB 
RK 05 
GTGGAACAATGTGGAAACGAAGCCGTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGCTCATCGAG
CAGGTAAACCCGGGCGGGCAGGTGTGGAACGTGCGGGTGGGCCGCAAGCACCATGCGCCGTACGGGGTGTTCGAA
GGGATGACCATTTTCGATGCGGGCGCCTAGGTGGGCCAGGCAGCGATCGGGTACATTCCGACGGACCAAGAATGGC
GCTTCGTC 
Peri nxrB 
RK 06 
GTGGAACAACGTGGAGACCAAGCCGTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGCTCATCGAG
CAGGTGAACCCGGGCGGGCAGGTGTGGAACGTGCGGGTGGGCCGCAAGCACCATGCGCCGTACGGGGTGTTCGAA
GGGATGACCATTTTCGATGCGGGCGCCAAGGTGGGCCAGGCAGCGATCGGGTACATTCCGACGGACCAAGAGTGGC
GGTTTGTC 
Peri nxrB 
RK 07 
GTGGAACAACGTGGAAACGAAGCCGTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGCTCATCGAG
CAGGTGAACCCGGGTGGGCAGGTGTGGAACGTGCGGGTCGGCCGCAAGCACCATGCGCCGTACGGGGTGTTCGAA
GGGATGACCATTTTCGACGCGGGCGCTAAAGTAGGCCAGGCGGCGATCGGGTACATTCCGACGGACCAAGAGTGGC
GCTTCGTC 
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Peri nxrB 
RK 08 
GTGGAACAATGTGGAAACCAAGCCCTACGGCGGGTATCCTCAGTTCTACGACGTGAAGATCACGCAGTTGATCGAG
CAAGTGAACCCGGGCGGGCAGGTGTGGAACGTGCGGGTCGGCCGCAAGCACCACGCCCCCTACGGGGTGTTCGAG
GGGATGACCATTTTCGACGCCGGGGCCAAGGTCGGCCAGGCAGCGATCGGCTACATCCCCACGGACCAAGAGTGGC
GCTTCGTC 
Peri nxrB 
RK 09 
GTGGAACAATGTGGAGACGAAGCCGTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGCTCATCGAG
CAGGTGAACCCGGGCGGGCAGGTGTGGAACGTGCGGGTGGGCCGCAAGCACCATGCGCCGTACGGGGTGTTCGAA
GGGATGACCATTTTCGATGCGGGCGCCAAGGTGGGCCAGGCAGCGATCGGGTACATTCCGACGGACCAGGAGTGGC
GCTTCGTG 
Peri nxrB 
RK 10 
GTGGAACAATGTGGAGACGAAGCCGTACGGCGGGTATCCGCAGTTCTACGACGTGAAGATCACCCAGCTCATCGAG
CAGGTGAACCCGGGCGGGCAGGTGTGGAACGTGCGGGTGGGCCGCAAGCACCATGCGCCGTACGGGGTGTTCGAA
GGGATGACCATTTTCGATGCGGGCGCCAAGGTGGGCCAGGCAGCGATCGGGTACATTCCGACGGACCAGGAATGGC
GCTTCGTC 
nosZ-I RK 
01 
GACGATGTGACCCATGGTTTCTGCATCGGCGGCTACAACATCAACCTCTCGCTTGAGCCCGGCGAATACACCGAGTT
CAAGTTCATCGCGGACCGATCCGGCACGTATCCCTTCTACTGCACCGAGTTCTGCCCGGCCCTGCA 
nosZ-I RK 
02 
GACGATGTGACCCATGGTTTCTGCATCGGCGGCTACAACATCAACCTCTCGCTTGAGCCCGGCGAATACACCGAGTT
CAAGTTCATCGCGGACCGATCCGGCACGTATCCCTTCTACTGCACCGAGTTCTGCCCGGCCCTGCA 
nosZ-I RK 
03 
GAGGATCTGACCCATGGCTTCTGCGTGTCGAAACACGACGTCAACTTCGTGATCAACCCGCGCGGCACGAACAGCA
TGACGTTCGTGGCCGGTCCTCCCGGCGTGTATTGGTACTACTGCACCTGGTTCTGCCACGCCCTCCA 
nosZ-I RK 
04 
GAGGATGTGACGCATGGCTTTGCGCTGGCGGGGTACAACATCAACCTGAGCATCGAGCCGGGCGAGTCTCAGACCA
TCGAGTTCACGGCCAATCAGGCCGGCACCTTCATCTACTACTGCACCGAGTTCTGCCCCGCCTTCCA 
nosZ-I RK 
05 
GAGGACGTGACGCATGGTTTCTGTATGGTGAACCACGGTGTGAGCATGGAAATCAGCCCACAACAAACCGCCTCCA
TTACCTTTATTGCCGACAAGCCCGGCATTCACTGGTACTACTGCAACTGGTTCTGCCCCGCCATCCA 
nosZ-I RK 
06 
GACGATGTGACCCACGGTTTCGCGATTCCGAAGTACGACATCAACTTCATCGTGAGCCCGCAGGAGACCAAGTCGG
TCACCTTCATTGCCGACAAGCCGGGCGTCTACTGGTGCTACTGCACGCATTTCTGCCCCGCACTGCA 
nosZ-I RK 
07 
GACGATGTGACGCACGGCTTGACCCTGGCATCGGTCGCATAGACGATGCCGAGTGCGGCTTCGTTGCGGGCCACCA
GCAAGAGCGCCGCGCGGACATTGTCAGCCATCGCGAATTTCGGTTCGGCCGCCTGCCACGACCCGAGCTTCTGCCCT
GCCCTCCA 
nosZ-I RK 
08 
GAAGACCTGACGCACGGTTTCTGCATCGTCAACTATGGCATCGCCATGGAGGTCGCGCCGATGGCGACGGCATCGG
TGACATTCGCTGCCGATAAAGCCGGCGTTTTCTGGTACTACTGCTCCTGGTTCTGCCCCGCGCTCCA 
nosZ-I RK 
09 
GACGATCTCACGCATGGTTTCGCGATTCCGAAGTACGACATCAACTTCATCGTGAGCCCGCAGGAGACCAAGTCGG
TCACCTTCATTGCCGACAAGCCGGGCGTCTACTGGTGCTACTGCACGCATTTCTGCCCTGCACTCCA 
nosZ-I RK 
10 
GACGATGTCACGCACGGTTTCGCGATTCCGAAGTACGACATCAACTTCGTGGTGAACCCGCTGGAGACGAAGTCCG
TCACCTTCAAGGCCGACAAGCCGGGCGTGTTCTGGTGCTACTGCACGCACTTCTGCCCCGCCTTCCA 
nosZ-II RK 
01 
CGTTGCATACGGAGTTTGACGGCAAAGGCTTCGCCTACACTTCGATGTTCGTATCCTCCGAAATCGTGAAATGGAAC
ATCGAAAAAGTGGAAGTAGTGGACCGCGTGCCGACGTACTATTCCATCGGTCACCTTTGCGTTCCAGGTGGTCCGAC
GCGCAAACCGCACGGCAAATACGTCATCGCCTACAATAAGCTTACAAAAGACCG 
nosZ-II RK 
02 
CGTTGCATACTGAGTTTGACGCCAACGGCAACGCCTATACGTCCTTCTTTGTGTCTTCCGAAATCGTGAAGTGGAAC
GTGAAGACCCTCGAAGTGTTGGACCGCGTTCCTACTTACTATTCGATCGGCCACCTGTGTGTGCCCGGCGGCCCGAC
GGCCAAGCCCTGGGGTAAGTATGTAATCGCCTACAACAAGCTCGCCAAAGACCG 
nosZ-II RK 
03 
CGTTGCACACTGAATTTGATGCCAATGGCAATGCATATACCAGCTTTTTTGTGAGTTCAGAGATCGTAAAATGGAAT
GTGCAATCGTTGCAGGTACTGGATCGCGTACCAACATATTATTCCATCGGTCACCTCTGTGTGCCCGGAGGACCTAC
TGCAAAACCTTGGGGTAAGTACGTGATCGCTTATAACAAACTCACGAAAGACCG 
nosZ-II RK 
04 
CGTTGCATACAGAGTTTGACGGCAAGGGGTTCGCTTACACATCCTTCTTCGTCTCCTCGGAGATCGTGAAGTGGAAT
GTCGAGTCCCTGCAGGTGGTGGATCGCATCCCGACCTATTACTCAGTCGGGCACCTTTGCGTCCCCGGCGGCCCGAC
CACGAAGCCGCACGGGAAGTATGTCATCGCCTACAACAAACTAACCAAGGACCG 
nosZ-II RK 
05 
CGTTGCATACACAGTTCGACGCCAACGGTAATGCCTACACGTCGTTCTTCGTGTCGTCCGAAATCGTGAAATGGAAC
GTGCAGAGCCTCGAAGTGGTGGACCGCGTGCCGACCTACTACTCCATCGGTCACCTGTGCGTGCCCGGCGGCGATA
CGAAAAAACCGCACGGCAAGTATGTCATAGCGTACAACAAATTCACCAAGGACCG 
nosZ-II RK 
06 
CGTTGCACACGGAGTTTGACGGCAAAGGTTTCGCCTATACTTCGATGTTTGTTTCCTCCGAAATCGTGAAATGGAAC
ATCGAAAAACTCGAAGTCGTGGACCGCGTGCCGACCTACTACTCCATCGGCCACCTCTCCATCCCCGGCGGCCCCAC
GCGCAAACCGCACGGCAAATACGTCATCGCCTACAACAAACTCGCGAAAGATCG 
nosZ-II RK 
07 
CGTTGCATACTGAGTTCGACGCCAACGGCAATGCCTACACCTCGTTTTTCGTCTCCTCCGAGATCGTGAAGTGGAAC
GTGAAAAGCCTCCAGGTGCTCGACCGCGTGCCCACCTACTACTCCATCGGCCACCTGTGCGTACCCGGCGGCGACA
CCAAAAAACCGCACGGAAAATACGTGATCGCCTACAACAAACTGACCAAAGACCG 
nosZ-II RK 
08 
CGTTGCATACTGAGTTCGACGCCAACGGCAATGCCTACACCTCGTTTTTCGTCTCCTCCGAAATCGTGAAGTGGAAC
GTGAAAAGCCTCCAGGTGCTCGACCGCGTGCCCACCTACTACTCCATCGGTCACCTGTGCGTACCCGGCGGCGATAC
CAAAAAACCGCACGGAAAATACGTGATCGCCTACAACAAACTAACCAAAGATCG 
nosZ-II RK 
09 
CGTTGCATACTGAGTTTGACGCGAACGGCAATGCCTACACCAGCTTCTTTGTCAGCAGCGAGATCGTGAAGTGGAA
CGTGGAGAAGCTCGAGGTGGTGGACCGCGTGCCCACCTACTACAGCATCGGCCACCTCTGTGTGCCGGGCGGCGAT
AGCAAGCAACCGTGGGGCAAGTATGTGATCGCCTACAATAAGCTCGCCAAGGACCG 
nosZ-II RK 
10 
CGTTGCATACTGAGTTCGACGCCAACGGCAATGCCTACACCTCGTTTTTCGTCTCCTCCGAGATCGTGAAGTGGAAC
GTGAAAAGCCTCCAGGTGCTCGACCGCGTGCCCACCTACTACTCCATCGGCCACCTGTGCGTACCCGGCGGCGACA
CCAAAAAACCGCACGGAAAATACGTGATCGCCTACAACAAGCTCACCAAGGACAG 
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Appendix B: Supplemental Figures 
 
Supplemental Figure 3.1 DNA Copy Numbers for Biomarkers in SRT 5 and 10 Bioreactor. (A) Nitritation-related genes 
measured using AOB amoA RK and COMA amoA RK. (B) Nitratation-related genes measured using Peri nxrB RK and NxrB-1f/2r (C) 
Denitrification-related genes measured using nosZ-I RK and nosZ-II RK. (D) Nitrogen species concentrations. Error bars show one SD 
from technical triplicate on 48-well PCR plate. Missing data points were not considered significant from the negative control using 
Welch’s t test for unequal variance. 
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Supplemental Figure 3.2 RNA Copy Numbers for Biomarkers in SRT 5 and 10 Bioreactor. (A) Nitritation-related transcripts 
measured using AOB amoA RK and COMA amoA RK. (B) Nitratation-related transcripts measured using Peri nxrB RK and NxrB-
1f/2r (C) Denitrification-related transcripts measured using nosZ-I RK and nosZ-II RK. (D) Nitrogen species concentrations. Error bars 
show one SD from technical triplicate on 48-well PCR plate. Missing data points were not considered significant from the negative 
control using Welch’s t test for unequal variance.
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